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Abstract 
 
Confined non-reacting turbulent jets are ideal for recirculating the hot flue gas back into 
the furnace from an external exhaust duct. Such jets are also used inside the furnace to internally 
entrain and recirculate the hot flue gas to preheat and dilute the reactants. Both internal and 
external implementation of confined turbulent jets increase the furnace thermal efficiency. For 
external implementation, depending on the circumstances, the exhaust gas flow may be co- or 
counter-flow relative to the jet flow. Inside the furnaces, fuel and air jets are injected separately. 
To create a condition which can facilitate near homogeneous combustion, these jets have to first 
mix with the burned gas inside the furnace and simultaneously being heated and diluted prior to 
combustion. Clearly, the combustion pattern and emissions from reacting confined turbulent jets 
are affected by jet interactions, mixing and entrainment of hot flue gas. In this work, the flow and 
mixing characteristics of a non-reacting and reacting confined turbulent jet are investigated 
experimentally and numerically. This work consists of two parts:  
(i) A study of flow and mixing characteristics of non-reacting confined turbulent jets with co- or 
counter-flowing exhaust/flue gas. Here the axial and radial distributions of temperature, 
velocity and NO concentration (used as a tracer gas) were measured. FLUENT was used to 
numerically simulate the experimental results. This work provides the basic understanding of 
the flow and mixing characteristics of confined turbulent jets and develops some design 
xx 
considerations for recirculating flue gas back into the furnace as expressed by the 
recirculation zone and the stagnation locations. 
(ii) Numerical calculations of near homogeneous combustion are performed for the existing 
furnace. The exact geometry of the furnace in the lab is used and the real dimensional 
boundary conditions are considered. The parameters such as air nozzle diameter (dair), fuel 
nozzle diameter (df), equivalence ratio (Φ), oxygen concentration, gravity, different bottom 
temperature and separation distance as well as soot radiation that influence the establishment 
of homogeneous combustion to improve combustion efficiency and reduce pollutant 
emissions will be numerically studied. These results will help to understand the influence 
from the selected parameters on the main large scale flow characteristics and provide some 
insight to the conditions that can facilitate near homogeneous combustion in furnaces. 
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CHAPTER 1 
Introduction 
 1.1. Literature Review 
There are considerable experimental and numerical investigations of free turbulent jets. 
Although previous experimental results of free turbulent jets are useful to understand the 
confinement effect, the study of confined turbulent jet must be needed to predict the flow and 
mixing characteristics of confined turbulent jet reasonably. Thring et al. [1] found the occurrence 
of recirculation in the duct with confined turbulent jet. Later, Craya and Curtet [2][3] proposed a 
Craya-Curtet number (Ct) by using the theory of an isothermal, incompressible confined jet flow. 
Craya-Curtet number: 
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Figure 1.1 Confined turbulent jet in a co-flowing stream 
2 
Ct is defined as the ratio of mean velocity inlet to excess of momentum flux at inlet in equation 
(1). The Craya-Curtet number (Ct) is the indicator of the onset of recirculation under certain flow 
conditions. If Ct is 0 (Uo>>U∞), confined flow is considered to be in total recirculation. On the 
other hand, if the flow is uniform parallel motion or no recirculation in the duct ((Uo=U∞), the 
Craya-Curtet number is at Ct=∞. Curtet and Ricou [4] did experiments on isothermal axis-
symmetric confined jets to verify the theoretical approach of the Craya-Curtet number (Ct). 
Experimental studies of measured mean velocity and concentration by Becker et al. [5] have 
proven that flow and the mixing characteristics of constant-density confined jets are only 
functions of the Craya-Curtet number (Ct) and flow recirculation ( if Ct ≤ 0.75). Exley [6] 
analytically investigated the effect of the separation and the recirculation on mixing 
characteristics of confined jet flow. He also verified that the Craya-Curtet number (Ct) properly 
estimates the flow conditions in terms of specified inlet conditions. In the study of a jet mixing at 
higher ratios of jet radius to tube radius, Hill [7][8] evaluated the characteristics of the mean 
velocity field in an isothermal homogeneous-confined turbulent jet flow by considering 
differential integral methods. He suggested that the mean velocity profiles in self-similar regions 
of the confined turbulent jets should correspond to the results of a circular free turbulent jet flow. 
Nickels [9] studied the mean flow behavior and compared to self-similar asymptotic expressions 
of velocities and stresses in order to find self-similar region in a family of axisymmetric co-
flowing turbulent jet with different size of nozzle. Dealy [10][11] found that Curtet’s similarity 
analysis may not evaluate the flow and the mixing characteristics of the confined turbulent jet 
flow accurately because flow inlet conditions have a significant effect on the mixing. Moeller et 
al. [12] investigated a macroscopic approach of confined circular jet flow with and without 
recirculating flows or back flows. They studied the correlation between mixing characteristics 
3 
and the Craya-Curtet number (Ct) in order to confirm the effect of recirculation. Also, they found 
that mixing characteristics of confined turbulent jet flow depends on the ratio of the injector 
diameter to the mixing duct diameter. Razinsky et al. [13] found the details of the mixing 
mechanism in confined turbulent jet flow without separating conditions (when the Craya-Curtet 
number, Ct, was below 0.9) and checked the transition status to the fully developed confined jet 
flow. G. Singh et al. [14] did mixing studies for variable density confined jets. They 
demonstrated that entrainment and mixing phenomena depend on the effect of various 
parameters such as: aspect ratio, density ratio, jet Reynolds number and jet location. For the 
study of variable density jets, Steward and Guruz [15] proposed the non-isothermal Craya-Curtet 
number (Ctni) from a logical extension of the Craya-Curtet number (Ct) of a uniform density 
confined jet. They validated that recirculation will not occur for Ctni ≥0.8. Figure 1.1 shows the 
flow structure to explain the definition of the non-isothermal Craya-Curtet number (Ctni). The 
non-isothermal Craya-Curtet number (Ctni) is defined by the kinematic mean velocity (uk) and 
the dynamic mean velocity (ud), 
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Here,  ρM, the mean density of the exit fluid, is derived from the mass conservation equation as, 
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The physical meaning of denominator of the non-isothermal Craya-Curtet number (Ctni) is 
considered as the available excess inlet momentum for mixing the two flows in equation (2). A 
critical value of the non-isothermal Craya-Curtet number (Ctni,cri) was found by Steward and 
Guruz; If an actual non-isothermal Craya-Curtet number (Ctni) is greater than a critical non-
isothermal Craya-Curtet number (Ctni,cri), some momentum loss of the jet occurs when the jet 
interacts with the co-flow. The rest of the jet momentum is dissipated completely at the duct wall. 
Thus, the recirculation zone is not found inside the duct. If the flow Craya-Curtet (Ctni) number 
is lower than the critical Craya-Curtet number (Ctni,cri), jet momentum is not destroyed 
completely by the interaction of co-flow and by the duct wall. Accordingly, the residue of jet 
momentum causes the formation of recirculation in the duct. Several studies of the entrainment 
in a turbulent flow into co-flow have been performed. Shear stress is generated in the boundary 
layer between the jet and co-flow or stagnant conditions due to the velocity gradient. The shear 
stress causes the formation of turbulent eddies which enhances in the entrainment of the 
surrounding fluid into the jet flow. Ricou et al. [16] studied the entrainment of axi-symmetrical 
turbulent jets by considering the effect of buoyancy. Pritchard et al. [17] proposed an analytical 
expression for Rq (entrainment ratio), 
)1(2
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, expressed in terms of 
the density ratio (σ), the area ratio (AT/Ao) and the friction loss coefficient of the flow in the duct 
(CL)  through the use of simple momentum and energy balances. Singh et al. [18] performed an 
experimental study of the entrainment and the spread characteristics of confined/semi-confined 
circular and noncircular confined jets in a circular tube. The similarity solutions by Becker et al. 
[5] are applicable to the spread characteristics of circular jet and noncircular jet as well as to the 
entrainment ratio, which generally depends on the diameter of the duct.  
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Figure 1.2 Confined turbulent jet into counter-flow 
Relatively few studies of confined turbulent jet in counter-flow were performed 
previously in the near jet region and not further downstream because of highly complicated flow 
and mixing characteristics by the recirculation zone and the flow instability as shown in figure 
1.2. Most previous studies of counter-flow were considered as unconfined flow condition. 
Arendt J. et al., was the first research group, [19] to study a turbulent jet in counter-flow. Oron et 
al. [20] studied unconfined turbulent jets theoretically using a flow similarity solution. The 
experimental studies by Beltaos et al. [21], Sekunkov [22], Morgan et al. [23] and Saghravani et 
al. [24] described an upstream penetration length of a turbulent jet in counter-flow condition as a 
linear function of a momentum ratio (a velocity ratio) between jet and counter-flow. Lam et al. 
[25] demonstrated that the penetration length is shorter but the spreading angle of a circular jet 
into a counter-flow condition is wider as the counter-flow velocity increases. Yoda et al. [26] 
found that the flow becomes more unstable with significant fluctuations along the radial 
direction as well as in the downstream direction as counter-flow velocity increases. Bernero et al. 
[27][28] used Particle image velocimetry (PIV) experiments to measure the dynamics of vorticity 
structures and chaotic fluctuations of the jet to get some additional understanding of its behavior. 
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They [29-32] assessed an analytical solution in a Lagrangian frame and determined an empirical 
equation of a mean velocity field, jet width of single turbulent jet and penetration length in 
counter-flow at various velocity ratios (jet velocity/counter-flow velocity). Also, Lam et al. [33] 
studied mixing characteristics of turbulent jet into counter-flow from a jet exit up to X/d=18 as 
the velocity ratio (jet velocity/counter-flow velocity) changes from 3 to 15. Tsunoda et al. [34] 
focused on the characteristics of velocity fields and concentration fields as velocity ratios (jet 
velocity/counter-flow velocity: 2.9, 4 and 5.1) change. The mean concentration of a jet into 
counter-flow decays much faster than that of a free turbulent jet in ambient condition, as jet flow 
moves downstream. Luis A. et al [35] show the concentration profile as measured along axial 
and radial directions in water by using planar laser induced fluorescence, but only for a limited 
axial distance. Sivapragasam et al. [36] investigated a single confined turbulent jet into a uniform 
counter-flow numerically.  
 
Figure 1.3 The schematic of stability limit as                         for a furnace
[26] 
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Homogeneous combustion is an advanced technology to control NOx emission efficiently 
as well as improve thermal energy efficiency significantly by using an exhaust gas recirculation. 
Homogeneous combustion is referred to by different acronyms such as flameless oxidation 
(FLOX) [37], high temperature air combustion (HiTAC) [38] or moderate intense low oxygen 
dilution (MILD) [39]. Figure 1.3 shows the schematic of stability limit of a furnace. ‘A’ is a 
stable combustion, ‘B’ is an unstable combustion while C is a flameless oxidation or 
homogeneous combustion. For larger Kv values the combustion can become unstable and have 
no reaction (not shown in figure) as the dilution lowers the reaction rate and the heat transfer loss 
becomes larger than the energy released by the reaction. 
From the previous literature[37]-[41], the characteristics of homogenous combustion can be 
summarized as follows: 
 Stable volumetric reaction creates near uniform temperature and species concentration 
distributions. 
 The reactant mixture is highly diluted (lowers the reaction rate) done by a high rate of 
mixing (leading to a low Damköhler number) 
 The exhaust gas recirculation enables a high enough temperature (T > Tautoignition) 
 NOx emission is decreased due to low, uniform and stable temperature distribution. 
 Less combustion noise due to low fluctuations of temperature temporally and spatially. 
 Reduction of UV emission and visible spectral range because of less OH radical, C2 
species and soot concentration in the volumetric reaction zone. 
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1.2. Motivation and Objectives 
Many industrial applications such as furnaces or combustors use confined turbulent jets. 
Mixing and entrainment in confined turbulent jets are different from free turbulent jets because 
the jet momentum is not conserved due to an adverse pressure gradient caused by the 
confinement. Confined turbulent jets have the benefits of fast mixing and fast dilution without 
fans needed to drive an internal/external EGR flow. However, very few investigations have been 
conducted on flow characteristics of confined turbulent jets due to their complicated flow 
structure. Therefore, an analysis of flow and mixing characteristics of confined turbulent jets is 
necessary. Previous research on the fundamental aspects of flow and mixing characteristics of 
confined turbulent jet flow into co- or counter-flow are very limited. All of previous studies 
usually focused on velocity fields under isothermal conditions even though mixing is very 
important to create working regime of homogeneous combustion (because these jets have to first 
mix with the burned gas inside the furnace and simultaneously heat and dilute prior to 
combustion). The combustion pattern and emissions from reacting confined turbulent jets are 
affected by jet interactions and mixing. Also, typically the previous investigators used only low 
jet velocity and measured the velocity near the jet exit due to the limitation of the measurement 
of high jet velocity and complexity of the flow structure of the confined turbulent jet. Therefore, 
there is still insufficient information about how much flow and mixing characteristics are 
changed by the effect of high jet velocity up to transonic condition (M=0.9) in a confined 
environment.  
To study the flow and mixing characteristics of confined non-reacting and reacting 
turbulent jets for creating homogenous combustion in industrial furnaces numerically and 
experimentally, the first part of this thesis is to show an experimental and numerical 
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investigation of the resulting concentration fields and temperature field as well as velocity field 
in the confined, non-reacting, non-isothermal, high velocity turbulent jet flow for practical 
applications such as furnaces as well as any application which has confined turbulent jet 
conditions. In the second part of this thesis, the limit of ranges of important furnace and flow 
parameters that can enable a near homogenous combustion will be investigated numerically by 
using the current existing furnace based on previous works. To find the variables that effect the 
stability limit of homogenous combustion, air nozzle diameter (dair), fuel nozzle diameter (df), 
equivalence ratio (Φ), oxygen concentration, gravity, different bottom temperature and 
separation distance as well as soot radiation are included in the investigation. Finally, the range 
limits and some design considerations for working domain of homogeneous combustion as 
influenced by the chosen parameters are examined and explained by the analysis. 
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CHAPTER 2 
Experimental and numerical setup of a confined non-reacting turbulent jet in co- and 
counter-flowing streams 
2.1. Experimental Setup 
To investigate confined jet flow, a large circular duct for confined jet test is selected to a 
2ft outer diameter and 6ft vertical height and shown schematically in figure 2.2 and 2.3. The 
inside 2" insulation is used to prevent heat loss through the duct wall. For measuring the flow 
and mixing characteristics of confined jets inside the duct such as velocity, concentration, 
temperature and entrainment ratio, the duct has 15 access holes on the duct wall. The distance 
between each hole is 4˝. Measurement device slides into the hole (in order to measure flow and 
mixing characteristics of the flow inside the duct) and when not used the hole is covered in 
figure 2.4. To ensure the axisymmetric flow, six holes are placed at 0° and along the same 
vertical line. The remaining nine holes are placed at 90° angular direction to the vertical line of 
six holes. The center jet is created by a circular nozzle of 0.25″ exit diameter and it is installed in 
the center of the duct vertically. The nozzle is designed on the basis of Masahiro et al. [42].  The 
range of the discharge coefficient value of this type of nozzle varies from 0.984 (at M=0.3) to 
0.99 (at M=0.9) depending on each velocity. The jet flows are injected upward from the nozzle 
inside the duct. The setup of the hot co- and counter-flow is aligned and opposed to the jet flow. 
For simulating the exhaust gas as hot co- and counter-flow, co- and counter-flow velocity is 
calculated from 1 to 10 MMBtu (Generated) industrial-scale burners’ exhaust gas flow rate and 
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induced by four fans. These co- or counter-flow was calibrated at room temperature (296.65K). 
Then, the fan’s law, Bernoulli’s equation (M<0.3) and compressed flow velocity equation was 
considered in order to find the mean co- and counter-velocity at T=328.15K. The calculation is 
found in figure 2.1 as shown below. 
  
Figure 2.1 The calibration of co- or counter-velocity as function of the power setting of the 
fan  
The turbulent flow velocity from the nozzle is maintained nearly constant during the experiment 
by two compressed air tank supply units. For obtaining the concentration profiles of the jet flow, 
NO gas is used as a tracer gas into the compressed air before out through a nozzle. A 3m long 
pipe is used in order to ensure well-mixed flows between the compressed air and the NO gas 
before entering the nozzle. The compressed air jet (containing the tracer gas NO for measuring 
the concentration profile) is regulated by a flow-meter. To measure the turbulent jet velocity 
correctly, this flow meter is calibrated. To obtain velocity profiles, temperature profiles and 
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concentration profiles, the measuring device is used as a flow intrusion method. To reduce a 
disturbance against the flow for measuring, the cross section of the measuring device is designed 
in a shape of an airfoil. The Pitot tube, the sampling tube and the thermocouple are installed 
inside the measuring device. To measure different ranges of the velocity, the pair of absolute 
pressure transducers (COOPER PTG404 Series) for M>0.3 and four different differential 
pressure transducers (SETRA C239 series & TESTO) are used below M=0.3. The sampling gas 
is driven by the vacuum pump through the sampling tube. The sampling line is connected to a 
NOx Gas analyzer (Siemens) after removing H2O inside the sampling gas. The entire data to be 
converted as the pressure, the NO concentration and the temperature inside the duct are 
connected to a NI DAQ system. Finally, the velocity, the concentration of NO and the 
temperature are calculated in LABVIEW.  
To analyze flow and mixing characteristic of a non-reacting confined turbulent jet into 
co- or counter-flow in detail, the experimental apparatus of the confined turbulent jet in co- or 
counter-flow was designed as shown figure 2.2 and 2.3 respectively. The range of the Reynolds 
number of the confined turbulent jet in this experimental study is 55 1021Re10390  .. . The 
jet nozzle diameter and the mean jet velocity at the nozzle exit are used to calculate the Reynolds 
number. A compressed air tank enables a high jet velocity at the nozzle. To simulate the exhaust 
gas as hot co- or counter-flow, the co- or counter-flow air is heated and maintained at 55°C by a 
heater (ADH-10KW, Chromalox). The turbulent air jet with the nitric oxide (NO) tracer gas is 
injected through a 1/4˝ circular nozzle in hot air co- or counter-flow. While the tracer gas, NO, is 
injected through the nozzle into co- or counter-flow, the measurement device will move 
vertically through turbulent jet flow. In order to calculate turbulent jet velocity, the pressure, the 
temperature and the concentration of NO need to be measured and averaged for 30sec after 
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stabilizing a fully developed turbulent flow. In the initial stage of the test, the experimental setup 
and the procedure was calibrated and validated by checking the axisymmetric velocity and 
concentration characteristics of a single turbulent jet without any co- or counter-flow in the duct. 
To study the effect of the non-isothermal Craya-Curtet number (Ctni), the velocity ratio between 
jet and co-flow is only changed at the fixed jet nozzle diameter. Four jet velocity conditions such 
as 96.12m/s (M=0.3), 160.19m/s (M=0.5), 224.26m/s (M=0.7) and 304.37m/s (M=0.9) are 
chosen for these experiments. Co-flow velocities of 0.612m/s, 0.913m/s, 1.856m/s and 3.123m/s 
are used and they are calculated on the basis of the amount of the exhaust gas from a 1MMBtu to 
10MMBtu combustor. Also, to prove the correction between the non-isothermal Craya-Curtet 
numbers (Ctni) and flow/mixing characteristics of confined turbulent jet flow in co-flow, the non-
isothermal Craya-Curtet number (Ctni) is determined in these experiments. The range of the non-
isothermal Craya-Curtet number (Ctni) is from 0.17 to 2.53. For the study of a confined turbulent 
jet into counter-flow, the modified momentum ratio (Msqrt) is used in equation (6). 
2
2
countcountcount
jjj
countcount
jj
sqrt
UA
UA
Um
Um
M





                                                                                      (6)                                                                                                   
The same set of velocities, 0.612m/s, 0.913m/s, 1.856m/s and 3.123m/s are used for the counter-
flow velocities of the amount of the exhaust gas from a 1MMBtu to 10MMBtu combustor. Flow 
and mixing characteristics of the confined turbulent jet in counter-flow is demonstrated by using 
modified momentum ratio from 0.40 to 3.43. The physical relation between modified momentum 
ratio (Msqrt) and flow/mixing characteristics of confined turbulent jet flow into counter-flow will 
be verified. In the experimental studies, the measurements will be made up to X/d=19 from jet 
nozzle exit because of the spatial limitations in the test duct.  
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Figure 2.2 The experimental schematics of a confined turbulent jet in co-flowing streams 
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Figure 2.3 The experimental schematics of a confined turbulent jet in counter-flowing 
streams 
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    (a) Duct for confined turbulent jet test 
Figure 2.4 The picture of test facility for the study of confined turbulent jet 
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2.2. The setup of numerical calculation 
Numerical simulations are performed by using FLUENT among several commercial 
programs. To analyze flow and mixing characteristics of a confined non-reacting turbulent jets in 
this research, the conservation equations of mass, species, momentum, energy as well as 
equation of state for the fluid are used as follows [43], 
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Where xi is the spatial coordinate, t is time, ui is the velocity, ρ is the density, Sm is mass 
increment by the evaporation of the droplet, Yi is the mass fraction of species i, Dij is the species 
diffusion coefficient, α is the thermal diffusion coefficient, T is temperature, Si is the production 
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of species i by chemical reaction, k is the thermal conductivity coefficient, Sh is the production 
of enthalpy by the chemical reaction, radiation and heat transfer between two phase fluid, h is the 
enthalpy, pref is the standard pressure, p is the pressure and Mi is the molecular weight of species 
i. 
FLUENT has several turbulent models. For this research, the standard K-ε model and 
realizable K-ε model are considered. The equations of standard K-ε model[44] are 
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The model constants of the K-ε turbulence model are C1ε=1.44, C2ε=1.92, Cμ=0.99, σk=1.0 and 
σε=1.3.  
The realizable K-ε model was proposed by Shih et al.[45] to resolve the limitation of 
traditional K-ε  model. The transport equations for the realizable K-ε model are 
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Where Gk means the generation of mean turbulent kinetic energy by the mean velocity gradient, 
Gb represents the production of turbulent kinetic energy due to the buoyancy, YM is the 
contribution of the fluctuating dilatation. To manipulate this turbulence model, Prt (Turbulent 
Prandtl number)=0.85, C2=1.9, C1ε=1.44, σk=1.1, σε=1.2, Cμ=0.09, Sk and Sε (user defined source 
terms) are used as default values.                                                             
Enhanced wall function is considered to estimate the effect by wall. Enhanced wall 
function is called near wall modeling that uses a two-layer model [43]. The whole domain for 
numerical calculation is subdivided into a near wall region (viscosity-dominant region, Rey<Rey*) 
and a fully turbulent region (Rey >Rey*, Rey*=200). 
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where y is the normal distance of wall at the cell centers. The y is calculated as: 
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Figure 2.5 shows the schematic diagram of the computational domain used in this study. The 
computational domain is one-quarter of the size of the real main cylindrical test duct for a 
confined turbulent jet into co- or counter-flow. The domain is DD 26440  (radial direction and 
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axial direction) of the configuration based on the center jet nozzle diameter (D). The domain 
consists of 2.8 million grid points to be made up of tetrahedrons meshes for adapting real shape 
properly. The number of grid points leads to typical average cell dimensions of (x: 3mm, y: 3mm 
z: 3.3mm) which is a resolution that is sufficient to describe the flow and mixing characteristics 
by considering the accuracy and required computation time. Also, initial value of K, ε or 
turbulence intensity for turbulence model such as the standard K-ε model and realizable K-ε 
model are estimated by the initial jet velocity and co- or counter-flow velocity condition. 
 
 
 
 
 
 
Figure 2.5 The schematic diagram of the computational domain and coordinate 
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2.2.1. The selection of turbulence model 
To find the optimal model for this study, the standard K-ε model and realizable K-ε 
model are investigated in this section through the comparisons between experimental results and 
each numerical calculation. The comparisons are described at confined non-reacting turbulent jet 
into co-flowing streams in figure 2.6. Generally, the standard K-ε model shows the better 
agreement with experimental results of flow and mixing characteristics of confined non-reacting 
turbulent. Therefore, the standard K-ε turbulence model will be used to calculate the confined 
non-reacting turbulent jet into co- and counter-flowing streams.  
 
(a) Normalized center velocity in axial axis 
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(b) Normalized center concentration in axial axis 
 
(c) Normalized center temperature in axial axis 
Figure 2.6 The verification of the turbulence models 
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2.2.2. The effect of turbulence coefficients and turbulent quantities in turbulence model 
It is well known that the standard K-ε turbulence model over-predict the decay rate and 
the spreading rate of a round jet. There are found in the following modification of the Cε1 
constant in the dissipation equation [46][47][48]. 
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Where y1/2 is a normal distance, Ucl is a velocity at center, x is an axial distance, k is a turbulent 
kinetic energy and ε is a turbulent dissipation. 
The adjustment of the turbulence quantities such as turbulent kinetic energy provide 
better agreement of jet spread and decay rates of turbulent jet flow [49][50]. To check these 
effects, several numerical calculations were performed.  There were no significant effects found 
in the range of conditions in my study. Therefore, in this dissertation, the effect of different 
turbulent coefficients and changed turbulence quantities are not considered. 
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2.2.3. The effect of mass diffusivity and dilute of approximation 
To validate mass diffusivity in given values of FLUENT, the mass diffusivity was 
calculated on the basis of the test condition of confined non-reacting turbulent jet flow. The 
dependence of the mass diffusion coefficient on temperature for gases is able to be defined in the 
Chapman-Enskog theory. 
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Where T is a temperature, Mw is a molar mass, P is a pressure, σ12 is an average collision 
diameter and Ω is a temperature-dependent collision integral. There is the difference between a 
given value (D=0.288cm
2
/s) in FLUENT and a calculated value (D=0.235cm
2
/s) by Chapman-
Enskog theory. However, there is no any difference of concentration distribution between dilute 
approximation and Chapman-Enskog theory. Also, a dilute approximation was checked because 
of the low concentration used in the test conditions. Dilute approximation is found in [43], 
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Where Di,m is mass diffusivity as a constant or as a polynomial function of temperature and χi is 
mass faction of i species.  
Figure 2.7 shows the effect of dilute approximation. It does not see any difference by the 
effect of dilute approximation. 
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Figure 2.7 The verification of the effect of dilute of approximation 
As a result, the study of confined non-reacting turbulent jet in co- and counter-flow in this 
dissertation, the standard K-ε turbulence model with given value (D=0.288cm2/s) in FLUENT is 
used. 
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CHAPTER 3 
Experimental and numerical results of a confined non-reacting turbulent jet in co-flow and 
counter-flow 
3.1. Experimental and numerical results of a confined non-reacting turbulent jet in co-flow 
In this section, the experimental results of the velocity, the concentration and the 
temperature field as well as the entrainment ratio in the confined turbulent jet into co-flow is 
studied. To maintain a fully developed turbulence condition, the jet Reynolds number is kept 
above 10
4
 as proposed by Dimotakis [52].  
3.1.1. The verification of the non-isothermal Craya-Curtet number for the flow and the 
mixing characteristics of the confined turbulent jet in co-flow  
 
    (a) Normalized velocity                                        
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(b) Width of half jet velocity 
   
(c) Normalized concentration                             
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(d) Width of half concentration 
 
(e) Normalized temperature 
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(f) Normalized velocity in radial axis 
 
(g) Normalized concentration in radial axis 
Figure 3.1 The verification of the non-isothermal Craya-Curtet number 
The non-isothermal Craya-Curtet number is widely used to explain the recirculation zone 
in the confined turbulent jet. In this paper, the possibility of the non-isothermal Craya-Curtet 
Vj=160.19m/s &Vco=3.123m/s 
Vj=96.12m/s &Vco=1.856m/s 
Vj=160.19m/s &Vco=3.123m/s 
Vj=96.12m/s &Vco=1.856m/s 
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number to validate the flow and the mixing characteristics in a non-isothermal confined turbulent 
jet is assessed. Figure 3.1 shows that the velocity, the temperature and the width of jet 
velocity/concentration are mostly the same at the same non-isothermal Craya-Curtet number in 
spite of different jet and co-flow velocity (X: axial direction, d: jet nozzle diameter, r: radial 
direction, rU/2: width of the half jet velocity and rC/2: width of the half NO concentration). 
Therefore, the non-isothermal Craya-Curtet number can be used to analyze the flow and the 
mixing characteristics as well as study the recirculation zone of the non-isothermal confined 
turbulent jet. 
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3.1.2. The experimental and numerical conditions of a confined non-reacting turbulent jet 
in co-flow 
 
Table 3.1 The experimental and numerical conditions of co-flow 
To study the characteristics of the flow and mixing of the confined turbulent jet into co-
flow, the profiles of the velocity, the concentration, the temperature, the width and the 
entrainment are determined experimentally and numerically. In this section, the effect of the non-
isothermal Craya-Curtet number is investigated. The experimental and numerical conditions that 
have been chosen for this study are listed in table 3.1. To identify the distribution of NO 
concentration in the jet flow, the NO gas is used as the tracer gas into the jet flow. 
 
 
 
 
32 
3.1.3. The velocity distribution 
The characteristics of the velocity are investigated along the axial and the radial direction. 
To check the effect by different co-flow velocities, the axial velocity profiles are plotted by 
changing the velocity of co-flow at fixed jet velocity. The initial jet velocity (Uo) is normalized 
by using the centerline velocity (Uc). The location of normalized velocity is also normalized by a 
jet nozzle diameter (d).  
 
(a) Ujet=96.12m/s at each different co-flow 
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(b) Ujet=160.19m/s at each different co-flow 
 
(c) Ujet=224.26m/s at each different co-flow 
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(d) Ujet=304.37m/s at each different co-flow 
Figure 3.2 The decay of normalized axial centerline velocity 
The velocity conditions are expressed as the non-isothermal Craya-Curtet number (Ctni) 
in each plot of figure 3.2. Uo is the initial jet velocity and Uc is the centerline velocity. Previous 
results of C.J Chen [53] from free turbulent jet and Singh et al. [54] from confined turbulent jet 
were plotted for the comparison between my data and previous results.  First of all, experimental 
and numerical results are well matched along the axial direction. Usually the numerical results 
are over-estimated as compared with the experimental results. Also, the comparison shows that 
my experimental and numerical results are reasonable close to those corresponding to Singh’s 
results at Ujet=96.12 and 160.19m/s. However, there is a deviation at high jet velocity 
(Ujet=224.26 and 304.37m/s) because Singh’s data were measured at very low velocity 
(Ujet=0.2m/s) and not able to explain the expansion phenomena by high compressible flow (to 
produce high jet velocity at nozzle). The centerline velocity decays as the flow moves along the 
axial direction. The centerline velocity decays slower relatively as the non-isothermal Craya-
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Curtet number increases. This means that the condition of high co-flow causes the slow decay of 
the centerline velocity because of less confinement effect by recirculation zone to the zone of 
center jet. The recirculation zone is formed easily at low non-isothermal Craya-Curtet number 
because of the high excess momentum at inlet condition between jet and co-flow. The 
recirculation zone will be much smaller by increasing non-isothermal Craya-Curtet number due 
to decrease in the excess momentum. Finally, there is not formed any recirculation zone at some 
critical non-isothermal Craya-Curtet number. Therefore, the interacting zone between the center 
jet and the recirculation zone is decreased. The decay of centerline velocity is slowed as the Ctni 
increases.  Experimental and numerical results show that the different slope of velocity decay is 
found after X/d (X: axial direction, d: jet nozzle diameter) is 60 approximately in all of cases due 
to the confinement effect. Also, at higher jet velocity (Ujet=224.26 and 304.37m/s), high jet 
velocities are able to be measured at further downstream because high jet velocity has high 
momentum and then jet flow moves further downstream by resisting the viscous interaction of 
two flows. From these results, the decay of the normalized centerline velocity is inversely 
proportional to the normalized axial location (X/d). Therefore, the result of the velocity decay of 
a free turbulent jet can be used to estimate the velocity decay of confined turbulent jet flow 
reasonably well.  
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(a) Ujet=96.12m/s at each different co-flow 
 
(b) Ujet=160.19m/s at each different co-flow 
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(c) Ujet=224.26m/s at each different co-flow 
   
(d) Ujet=304.37m/s at each different co-flow 
Figure 3.3 The decay of inversely normalized mean excess centerline velocity 
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To study the axial decay of the centerline velocity at different angle, The inversely 
normalized maximum excess centerline jet velocity, 
mU
1 , is used by defining the characteristic 
system velocity (
*
ou ) defined by Becker et al. [5].  
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The velocity conditions are expressed as the non-isothermal Craya-Curtet number in each plot of 
figure 3.3. This value is described as the function of X/rduct (X: axial direction, rduct: the radius of 
main test duct). Experimental and numerical results show that the inversely normalized 
maximum excess centerline jet velocity is decayed as the flow moves along the axial direction. 
Also, the inversely normalized maximum excess centerline jet velocity decays faster as the non-
isothermal Craya-Curtet number increases. This means that the normalized maximum excess 
centerline jet velocity decays slowly. Also, the condition of high co-flow results in the slow 
decay of the excess centerline velocity because of reduced recirculation zones. Physically, the 
high excess momentum difference at inlet condition between jet and co-flow (at a low non-
isothermal Craya-Curtet number) causes the recirculation zone to be earlier and bigger. However, 
there is no large recirculation zone at high non-isothermal Craya-Curtet number due to less 
excess momentum. Therefore, the interacting zone between the center jet and the recirculation 
zone is decreased and the decay of centerline velocity is slower. Also, the value of inverse 
normalize maximum excess centerline jet velocity is almost same values at high X/rduct but the 
average slope of the decay of normalized mean excess centerline velocity is decreased as a jet 
velocity increases because of initial high centerline jet velocity. Therefore, the jet flow move 
further in the cases of high jet velocity by overcoming the viscous interaction between two flows. 
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Figure 3.4 shows that the normalized axial centerline velocity has the function of X/d (X: 
axial direction, d: jet nozzle diameter) in order to analyze the different jet velocities at fixed co-
flow velocity respectively. These graphs are plotted at fixed co-flow and different jet velocities. 
Also, Uo is the initial jet velocity and Uc is the centerline velocity. To compare our experimental 
and numerical data, previous results (Chen’s [53] and Singh’s [54]) were plotted in each graph. 
From these comparisons, the currently obtained results and Singh’s results are reasonably close. 
The centerline velocity decays slowly further downstream as the non-isothermal Craya-Curtet 
number increases. There are no any significant differences between the effect of different jet 
velocity and previous case (the effect of different co-flow velocities) once we are considering the 
normalized velocities. Also, the results of free turbulent jet are predicted well to the results of 
confined turbulent jet. From these results, the non-isothermal Craya-Curtet numbers are used to 
explain the decay of velocity. After X/d (X: axial direction, d: jet nozzle diameter) is 60 
approximately in all of cases, the different slop of velocity decay is identified due to the 
confinement effect. This result shows the inversely linear relation between the normalized 
centerline velocity and the normalized axial location (X/d).  
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(a) Uco=0.612m/s at each different jet velocity 
 
(b) Uco=0.913m/s at each different jet velocity 
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(c) Uco=1.856m/s at each different jet velocity 
 
(d) Uco=3.123m/s at each different jet velocity 
Figure 3.4 The decay of normalized axial centerline velocity 
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(a) Uco=0.612m/s at each different jet velocity 
 
(b) Uco=0.913m/s at each different jet velocity 
Jet velocity ↑ 
Jet velocity ↑ 
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(c) Uco=1.856m/s at each jet velocity 
 
(e) Uco=3.123m/s at each jet velocity 
Figure 3.5 The decay of inversely normalized mean excess centerline velocity 
Also, the inversely normalized maximum excess centerline jet velocity is investigated at 
fixed co-flow and different jet velocities in Figure 3.5. Figure 3.5 also shows that the inversely 
Jet velocity ↑ 
Jet velocity ↑ 
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normalized centerline jet velocity decreases faster at high non-isothermal Craya-Curtet number. 
As a result, normalized mean excess centerline velocity is decaying slower as non-isothermal 
Craya-Curtet number increases. This means that the recirculation zone or the confinement effect 
has significant influence on the centerline velocity. Accordingly, although the results of free 
turbulent jet flow estimate reasonably the velocity decay of confined turbulent jet flow, these 
results will not be useful at low non-isothermal Craya-Curtet number because of the recirculation 
zone. The value of inversely normalized maximum excess centerline jet velocity is spread at high 
X/rduct and the range of slope value of the decay of normalized mean excess centerline velocity is 
decreased at high jet velocity. The figure shows that the normalized mean excess centerline 
velocity has the fastest decrement at Ctni=1.50 and 2.53 among all the test conditions.  
 
(a) Ujet=96.12m/s and Uco=0.612m/s 
Ctni=0.50 
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(b) Ujet=96.12m/s and Uco=0.913m/s 
 
(c) Ujet=96.12m/s and Uco=1.856m/s 
Ctni=0.74 
Ctni=1.50 
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(d) Ujet=96.12m/s and Uco=3.123m/s 
 
(e) Ujet=160.19m/s and Uco=0.612m/s 
Ctni=2.53 
Ctni=0.30 
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(f) Ujet=160.19m/s and Uco=0.913m/s 
 
(g) Ujet=160.19m/s and Uco=1.856m/s 
Ctni=0.45 
Ctni=0.90 
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(h) Ujet=160.19m/s and Uco=3.123m/s 
 
(i) Ujet=224.26m/s and Uco=0.612m/s 
Ctni=1.50 
Ctni=0.22 
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(j) Ujet=224.26m/s and Uco=0.913m/s 
 
(k) Ujet=224.26m/s and Uco=1.856m/s 
Ctni=0.32 
Ctni=0.65 
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(l) Ujet=224.26m/s and Uco=3.123m/s 
 
(m) Ujet=304.37m/s and Uco=0.612m/s 
Ctni=1.08 
Ctni=0.17 
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(n) Ujet=304.37m/s and Uco=0.913m/s 
 
(o) Ujet=304.37m/s and Uco=1.856m/s 
Ctni=0.24 
Ctni=0.48 
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(p) Ujet=304.37m/s and Uco=3.123m/s 
Figure 3.6 The radial velocity distribution 
Figure 3.6 shows the radial velocity distribution at different jet velocities and different 
co-flow conditions. Different colored rhombuses and colored lines are indicating the 
experimental and numerical results of the different location of X/d (X: axial direction, d: jet 
nozzle diameter) respectively. Equation (27) for the black solid line is found in Becker et al. [5] 
as, 
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U is the radial velocity at the different location of X/d, Uc is the centerline velocity and rU/2 is the 
width of the half jet velocity. The computed and the measured profiles collapse fairly well on a 
single curve to be represented by a Gaussian function from equation (27), except for the mean 
Ctni=0.80 
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scalar fraction at the position far downstream near the near edge (r/rU/2>1). This means that the 
good agreement is between the current experimental and numerical data in the jet region and the 
equation (27) used by Becker et al. [5] for all different velocity conditions between jet and co-
flow. The deviation at the trail of the curve is due to the confinement. Therefore, equation (27) 
can be used for expressing the normalized velocity distribution in the jet region. From my test 
results, we can get the new normalized velocity equation (28). Equation (28) is a better estimated 
fit to the current experimental and numerical results. 
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Also, usually, in highest co-flow velocity (Uco=3.123m/s) and furthest downstream location 
(X/d=115), there is not a Gaussian distribution of velocity anymore due to high interaction and 
fluctuation. In low M=0.3 (Ujet=96.12m/s) and M=0.5 (Ujet=160.19m/s), non-Gaussian 
distribution of velocity distribution is found at Uco=1.856m/s because less momentum of jet is 
highly sensitive to external disturbance by co-flow at further downstream. 
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3.1.4. The concentration distribution 
The characteristic of the concentration distribution is studied along the axial direction and 
the radial direction. The axial distribution of the NO concentration is verified by considering 
different co-flow velocities at fixed jet velocity. The initial center concentration of NO (Co) is 
normalized by using NO center concentration (Cc) at the different normalized axial locations 
(X/d).  
 
(a)Ujet=96.12m/s at each different co-flow 
Co flow velocity ↑ 
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(b) Ujet=160.19m/s at each different co-flow 
 
(c)Ujet=224.26m/s at each different co-flow 
Co flow velocity ↑ 
Co flow velocity ↑ 
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(d) Ujet=304.37m/s at each different co-flow 
Figure 3.7 The measured concentration along the axial direction 
The non-isothermal Craya-Curtet number (Ctni) is used to describe the velocity conditions 
between the jet and the co-flow respectively in figure 3.7. Steward’s [15] and Spalding’s [55] 
data from free turbulent jets are plotted in each graph for showing the comparison between my 
results and previous results. Experiment and numerical results agree well. However, the 
comparison shows that there is the deviation between my experimental data and numerical 
results because of the limitation of turbulent model to explain mass diffusion. Also, my data and 
previous results correspond well along the axial direction. The NO concentration along the 
centerline decays and spreads as the jet flow moves along in the axial direction at each velocity 
condition. Also, the value of concentration is a relatively constant value at low non-isothermal 
Craya-Curtet number due to the entrainment by the recirculation zone and flow interaction. 
Usually the recirculation zone enhances the mixing of flow by the flow interaction. Therefore, 
the concentration distribution is influenced by confinement effects. The results show that the 
Co flow velocity ↑ 
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centerline NO concentration is diluted more as the non-isothermal Craya-Curtet number 
increases because of enough entrainment of hot co-flow. The co-flow velocity is increased as the 
non-isothermal Craya-Curtet number increases. This means that the flow rate from co-flow is 
increased. Therefore, there is sufficiently hot air for the entrainment into the center jet as high 
co-flow velocity as well as high non-isothermal Craya-Curtet numbers. Therefore, the value of 
centerline NO concentration is smaller as the non-isothermal Craya-Curtet number increases. 
The results of the normalized concentration have the different slope of the decay around X/d ˃60 
due to limited entrainment by confined condition.  
 
(a) Uco=0.612m/s at each jet velocity 
 
Jet velocity ↓ 
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(b) Uco=0.913m/s at each jet velocity 
 
(c) Uco=1.856m/s at each jet velocity                        
Jet velocity ↓ 
Jet velocity ↓ 
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(d) Uco=3.123m/s at each jet velocity 
Figure 3.8 The measured concentration along the axial direction 
Figure 3.8 shows the normalized NO concentration as the function of X/d (X: axial 
direction, d: jet nozzle diameter) at fixed co-flow and different jet velocities. Steward’s [15] and 
Spalding’s [55] data are used to illustrate the difference. The previous results were resulted from 
the free turbulent jet condition. The comparison shows that my data and previous data are fairly 
consistent. The NO concentration decays along the centerline and spreads as the jet flow moves 
downstream respectively. In the low non-isothermal Craya-Curtet number, the NO concentration 
has the relatively constant value as the jet flow moves along the axial direction because of the 
entrainment by the recirculation zone and flow interaction. Also, the centerline NO concentration 
is diluted more as the non-isothermal Craya-Curtet number increases because the co-flow 
velocity is increased. Accordingly, there is enough amount of hot air into the center jet. 
Jet velocity ↓ 
60 
The radial velocity distribution for different jet velocities and different co-flow 
conditions are shown in fig 3.9. The experimental and numerical data are expressed as different 
colored symbols and colored lines of the different locations of X/d (X: axial direction, d: jet 
nozzle diameter). Becker et al. [5] suggest equation (29) for studying the normalized NO 
concentration as the function of the radial direction (r). The equation shows as, 
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C is the radial NO concentration at different locations of X/d, Cc is the NO concentration along 
the centerline and rc/2 is the width of the half value of NO concentration. The calculated data 
from Becker’s equation and our measured NO concentration profiles show the good similarity on 
a Gaussian function from equation (29). There are differences and scatters in the NO 
concentration data at r/rc/2>1 but the normalized NO concentration has self-preservation in the jet 
region for all of test conditions. The deviation at the trail of the curve is due to the confinement 
and difficult measurement to low NO concentration. 
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(a) Ujet=96.12m/s and Uco=0.612m/s 
 
(b) Ujet=96.12m/s and Uco=0.913m/s 
Ctni=0.50 
Ctni=0.74 
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(c) Ujet=96.12m/s and Uco=1.856m/s 
 
(d) Ujet=96.12m/s and Uco=3.123m/s 
Ctni=1.50 
Ctni=2.53 
63 
 
(e) Ujet=160.19m/s and Uco=0.612m/s 
 
(f) Ujet=160.19m/s and Uco=0.913m/s 
Ctni=0.30 
Ctni=0.45 
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(g) Ujet=160.19m/s and Uco=1.856m/s 
 
(h) Ujet=160.19m/s and Uco=3.123m/s 
Ctni=0.90 
Ctni=1.50 
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(i) Ujet=224.26m/s and Uco=0.612m/s 
 
(j) Ujet=224.26m/s and Uco=0.913m/s 
Ctni=0.22 
Ctni=0.32 
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(k) Ujet=224.26m/s and Uco=1.856m/s 
 
(l) Ujet=224.26m/s and Uco=3.123m/s 
Ctni=0.65 
Ctni=1.08 
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(m) Ujet=304.37m/s and Uco=0.612m/s 
 
(n) Ujet=304.37m/s and Uco=0.913m/s 
Ctni=0.17 
Ctni=0.24 
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(o) Ujet=304.37m/s and Uco=1.856m/s 
 
(p) Ujet=304.37m/s and Uco=3.123m/s 
Figure 3.9 The radial concentration distribution 
Ctni=0.80 
Ctni=0.48 
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From experimental and numerical results, a new equation of the normalized NO concentration as 
a function of the radial direction is found. This equation (30) is much better matched to the 
expressed results. 
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Even though velocity distribution has a non-Gaussian distribution at some condition (M=0.9/0.7 
at Uco=3.123m/s and M=0.5/0.3 at Uco=3.123m/s and Uco=1.856m/s) at the furthest downstream 
location (X/d=115), Concentration distribution is still found to be a Gaussian distribution. 
 
 
 
 
 
 
 
 
 
 
70 
3.1.5. The temperature distribution 
The characteristics of the temperature profiles are investigated along the axial direction 
and the radial direction as the function of X/d (X: axial location, d: jet nozzle diameter). To 
check the effect of different co-flow velocities at fixed jet velocity as well as the effect of 
different jet velocities at fixed co-flow velocity, the graphs are plotted by using the non-
isothermal Craya-Curtet number (Ctni) for comparing easily.  
 
(a) Ujet=96.12m/s at each different co-flow 
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(b) Ujet=160.19m/s at each different co-flow 
 
(c) Ujet=224.26m/s at each different co-flow 
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(d) Ujet=304.37m/s at each different co-flow 
Figure 3.10 The measured temperature along the axial direction 
Figure 3.10 shows that temperature profiles are at the fixed jet velocity and different co-
flow velocities respectively in non-isothermal condition. The center temperature (Tc) is plotted at 
the different normalized axial locations (X/d). The center temperature increases as the flow 
moves along the axial direction because of increasing entrainment of hot co-flow into the center 
jet. After the flow moves along the axial direction, the temperature along the centerline 
approaches the single value. This means that the profiles of normalized temperature are flat and 
shows an asymptote. This is shown as a flat temperature profile after X/d is 60. The high value of 
centerline temperature profiles is at high the non-isothermal Craya-Curtet number because of the 
high co-flow velocity. Therefore, the cases of high non-isothermal Craya-Curter number have 
enough hot air flow. In these cases, the high value of the center temperature is shown. 
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(a) Uco=0.612m/s at each different jet velocity 
 
(b) Uco=0.913m/s at each different jet velocity 
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(c) Uco=1.856m/s at each different jet velocity 
 
(d) Uco=3.123m/s at each different jet velocity 
Figure 3.11 The measured temperature along the axial direction 
Figure 3.11 finds that temperature profiles along the centerline are at the fixed co-flow 
velocity and respectively different center jet velocities. The center temperature is changed as the 
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jet flow moves the axial direction because of an entrainment ratio of hot co-flow into center jet. 
After the jet flow moves at X/d=60, the temperature along the centerline is converged to the 
single value.  Results also show the high value of the normalized centerline temperature profiles 
at high non-isothermal Craya-Curtet number due to high volumetric co-flow.  
 
(a) Ctni=0.45 
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(b) Ctni=0.50 
 
(c) Ctni=1.50 
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(d) Ctni=2.53 
Figure 3.12 The measured temperature along the radial direction 
The normalized temperature profiles along the normalized radial direction (r: radial 
direction, d: jet nozzle diameter) are plotted in figure 3.12 by defining the center temperature (Tc) 
at each location. From figure 3.12, as the jet flow moves along the axial direction, the 
temperature profiles are more uniform due to the heat transfer from hot co-flow to cold turbulent 
jet. The uniform temperature is getting much faster as the non-isothermal Craya-Curtet number 
(Ctni) is decreased because of recirculation zone at low Ctni.  
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3.1.6. The width 
The measured and computed jet widths of the half jet velocity are shown in figure 3.13 
and figure 3.14. The widths in figure 3.13 are derived at fixed jet velocity and different co-flow 
respectively. From the width in figure 3.14, the width of the half jet velocity is calculated at fixed 
co-flow velocity and different jet velocities. The jet width is increased as the flow moves the 
normalized axial direction (X/d) because of the characteristics of spreading of the jet though 
interacting surrounding. For comparing my data, the previous results from Hussein et al. [56] in 
the free turbulent jet condition are plotted in each graph. The comparison shows that the 
measured widths of the half jet velocity are well agreed by the results from the free boundary 
condition.  
 
(a) Ujet=96.12m/s at each different co-flow 
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(b) Ujet=160.19m/s at each different co-flow 
 
(c) Ujet=224.26m/s at each different co-flow 
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(d) Ujet=304.37m/s at each different co-flow 
Figure 3.13 The measured jet width at half jet velocity 
 
(a) Uco=0.612m/s at each jet velocity                        
81 
 
(b) Uco=0.913m/s at each jet velocity 
 
(c) Uco=1.856m/s at each jet velocity 
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(d) Uco=3.123m/s at each jet velocity 
Figure 3.14 The measured jet width at half jet velocity 
From these finding, the jet width of the half jet velocity is less affected by the confinement. Also, 
there are very similar values of the jet width at the half jet velocity in spite of different conditions 
of the non-isothermal Craya-Curtet number. 
Figure 3.15 and 3.16 show the concentration widths of the half value of initial NO 
concentration experimentally and numerically. The widths in figure 3.15 are derived at fixed jet 
velocity and different co-flow velocities. The widths of fixed co-flow velocity and different jet 
velocities are plotted in figure 3.16. The concentration width is increased as the jet flow moves 
the normalized axial direction (X/d) because of the interaction between the jet flow and the co-
flow as well as the spreading of the jet. The normalized concentration width is almost similar 
below X/d =60 in spite of different Craya-Curtet numbers. However, the values of width are 
spread out after X/d=60 at each different Craya-Curtet number. The experimental and numerical 
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results show that the widths at half NO concentration have usually much smaller value at high 
non-isothermal Craya-Curtet number. The momentum of the jet is much bigger than that of co-
flow at small non-isothermal Craya-Curtet number. The jet is spread out more easily due to the 
excess momentum flux of the jet against the co-flow momentum. Also, the recirculation zone is 
getting smaller as non-isothermal Craya-Curtet number increases. Accordingly, the entrainment 
by recirculation of flow is smaller. The width of half concentration of NO is much bigger at 
small non-isothermal Craya-Curtet number (Ctni). 
 
(a) Ujet=96.12m/s at each different co-flow 
84 
 
(b) Ujet=160.19m/s at each different co-flow 
 
(c) Ujet=224.26m/s at each different co-flow 
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(d) Ujet=304.37m/s at each different co-flow 
Figure 3.15 The measured concentration width at half concentration 
 
(a) Uco=0.612m/s at each different jet velocity 
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(b) Uco=0.913m/s at each different jet velocity 
 
(c) Uco=1.856m/s at each different jet velocity 
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(d) Uco=3.123m/s at each different jet velocity 
Figure 3.16 The measured concentration width of half concentration 
To derive an equation of half concentration as the function of normalized distance X/d, 
figure 3.17 is plotted at different Ctni. X/d is limited to 67 because the fluctuation and the 
uncertainty are increased as the flow moves along the axial direction due to the flow interaction 
by recirculation zone. Therefore, the equation of half concentration is derived as following, 
7343.0/0858.0
2
 dXdrC
                                                                                         (31)      
The equation (31) is just valid below X/d=67. It is hard to evaluate the width of half 
concentration by using just one empirical equation because of increasing flow fluctuation 
through the flow interaction as well as the existing recirculation zone by the confinement effect 
at far down stream location or high axial direction.                                                                                              
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Figure 3.17 The measured concentration width of half concentration at each Ctni 
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3.1.7. The entrainment 
The entrainment is studied by using the entrainment ratio as follow. 
 
Figure 3.18 Flow configuration for the explanation of entrainment ratio (Ф) 
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Where mo is the initial mass coming from jet and me is the entrainment of mass at a certain 
position into a center area of the jet. The entrainment is studied by considering different co-flow 
velocities at fixed jet velocity. To calculate entrainment ratio, the initial mass from jet (mo) is 
normalized by using the entrainment mass (me) at the different normalized location (X/d). 
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(a) Ujet=96.12m/s at each different co-flow 
 
(b) Ujet=160.19m/s at each different co-flow 
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(c) Ujet=224.26m/s at each different co-flow 
 
(d) Ujet=304.37m/s at each different co-flow 
Figure 3.19 The measured entrainment at different co-flows 
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To show velocity conditions between the jet and the co-flow in figure 3.19 respectively, 
the non-isothermal Craya-Curtet number is used. Spalding’s [55] data from the free turbulent jet 
and Djeridane’ [57] results from the confined turbulent jet are plotted in each graph to describe 
the comparison between my results and previous results. Experimental results correspond well to 
Spalding’s free stream results. Numerical results are little bit overestimated at all ranges of 
normalized axial location. The entrainment is generally increased as the jet flow with NO tracer 
gas moves along the axial direction due to the increment of entrained mass. The entrainment 
ratio has smaller values as the non-isothermal Craya-Curtet number increases because of enough 
entrainment of mass flow from the co-flow. There is enough hot air coming into the jet as the co-
flow velocity. However, at low non-isothermal Craya-Curtet number, the value of entrainment 
ratio is converged to constant value. This means that the mixing is much faster as non-isothermal 
Craya-Curtet number is decreased due to forming bigger recirculation zone. Usually, the 
recirculation zone will cause more entrainment of volumetric hot flow going into the jet.  
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(a) Uco=0.612m/s at each different jet velocity 
 
(b) Uco=0.913m/s at each different jet velocity 
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(c) Uco=1.856m/s at each different jet velocity 
 
(d) Uco=3.123m/s at each different jet velocity 
Figure 3.20 The measured entrainment at different jet velocities 
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The entrainment ratio has the function of X/d (d: the diameter of nozzle) at fixed co-flow 
and different jet velocities in figure 3.20. Spalding’s [55] and Djeridane’s [57] data are used to 
compare the difference. The comparison shows that my data and previous data are well 
corresponded at normalized axial location. The entrainment ratio is decreased along the 
normalized axial location as the jet flow moves downstream respectively. The entrainment ratio 
has the relatively constant value at the low non-isothermal Craya-Curtet number as the jet flow 
moves along the axial direction because of flow interaction by recirculation zone. The 
entrainment ratio is going much smaller as the non-isothermal Craya-Curtet number increases 
because of enough entrained mass by high co-flow velocity.  
The analytical solution of entrainment ratio in the confined turbulent jet flow in co-flow 
is derived as the following in figure 3.21. 
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Figure 3.21 The derivation of analytical solution of entrainment ratio 
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From equation  (33), 
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Insert equation (39) into equation (38), 
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Add equation (37) to equation (40), 




 

 jj
r
co
jjj
ex
j
AUdArU
UA
m
m
m
0
)(



                                                                                                   (41) 
The velocity equation is derived in equation (28). Inserting equation (28) into equation (41) and 
integrating it gives the final analytical solution of entrainment ratio as shown in equation (42). 
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Figure 3.22 The verification of analytical solution of entrainment ratio 
Equation 42 is plotted in order to compare experimental results at M=0.3. Figure 3.22 shows that 
the analytical solution of entrainment ratio corresponds reasonably to measured entrainment ratio 
including the results of Djeridane [57]. The analytical solution of entrainment ratio is verified. 
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3.1.8. Streamline 
The computed velocity streamline (FLUENT) is plotted at different non-isothermal 
Craya-Curtet number in figure 3.23 As non-isothermal Craya-Curtet number is decreased, the 
excess jet momentum is also increased. The jet momentum still remains after interacting by the 
co-flow jet and the walls of the duct. The residue of jet momentum causes the formation of 
recirculation zone in the duct.  The recirculation zone is going smaller as non-isothermal Craya-
Curtet number is increased due to the reduction of excess jet momentum. The recirculation zone 
is extremely bigger at Ctni=0.17. Also, the recirculation zone is hard to be identified above 
Ctni=1.08  
 
(a) Ctni=0.17 
 
(b) Ctni=0.50 
 
(c) Ctni=0.74 
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(d) Ctni=1.08 
 
(e) Ctni=1.50 
 
(f) Ctni=2.53 
Figure 3.23 The computed velocity streamline at different non-isothermal Craya-Curtet 
number 
 
 
 
 
 
 
100 
3.1.9. Correlation between Ctni and recirculation zone 
 
Figure 3.24 The schematic of location and width of recirculation zone 
To study the correlation between Ctni and the characteristics of recirculation zone in detail, 
the location and width of recirculation zone are investigated as a function of Ctni. The location 
and width of recirculation zone are defined in figure 3.24.  
 
(a) Location of recirculation zone 
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(b) Width of recirculation zone 
Figure 3.25 The location and width of recirculation zone as the function of Ctni 
There is no recirculation zone after Ctni=0.90 in figure 3.25. As a result, Ctni=0.90 is able to be 
considered as the critical non-isothermal Craya-Curtet number in these test conditions. The 
location of recirculation zone moves the downstream and the width of recirculation zone is 
getting smaller as Ctni is increased because the excess jet momentum is decreased by increasing 
co-flow. The recirculation zone does not exist in the confined duct beyond the critical non-
isothermal Craya-Curtet number. This is very important phenomena to explain mixing in 
confined condition because the recirculation zone has dominant effect on the mixing more so 
than velocity characteristics in confined turbulent jet flow in the current study.  
 
(a) Velocity streamline 
X/d=35 X/d=119 
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(b) Normalized concentration distribution 
 
(c) Normalized velocity distribution 
Figure 3.26 The role of recirculation zone in confined turbulent jet flow 
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To validate the role of recirculation zone in confined turbulent jet flow, the numerical 
calculation is progressed at the velocity condition of Ctni=0.22. The characteristics of velocity 
and concentration has the Gaussian distribution at X/d=35 because of less confinement effect in 
figure 3.26. Therefore, the flow and mixing characteristics of confined turbulent jet do not differ 
from free turbulent jet flow at this location. However, as the jet flow moves along the axial 
direction, the confinement effect such as the recirculation zone has significant effect on flow and 
mixing characteristics of confined turbulent jet flow. From figure 3.26, after X/d=119, the 
recirculation zone has dominant effect on the flow and mixing characteristics. The negative 
velocity near the wall by recirculation zone enhances the mixing. Therefore, after center location 
of recirculation zone (X/d=119), the NO concentration has very flat and uniform profile along 
the radial direction. As a result, it considers that the mixing of confined turbulent jet flow into 
co-flow is fully finished after center location of recirculation zone. 
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3.1.10. The effect of high co-flow temperature 
To find the effect of high temperature of co-flow (1200K) on the characteristics of 
recirculation zone, two conditions such as constant velocity of co-flow and constant mass of co-
flow were selected and calculated numerically. Ujet=160.19m/s and Uco=1.856m/s is considered 
as reference values. Therefore, three different non-isothermal Craya-Curtet numbers are found. 
Ctni=0.90 at Tco=328.15K (Ujet=160.19m/s and Uco=1.856m/s), Ctni=0.27 at Tco=1200K (constant 
co-flow velocity) and Ctni=0.95 at Tco=1200K (constant co-flow mass).  From figure 36, the 
location of recirculation zone at high co-flow temperature does correspond well to previous 
results at Tco=328.15K. Therefore, the relation for the location of the recirculation zone and non-
isothermal Craya-Curtet numbers is seen as reasonable for the non-isothermal co-flow situation. 
 
(a) Location of recirculation zone 
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(b) Width of recirculation zone 
Figure 3.27 The high temperature effect on location and width of recirculation zone (rwidth) 
The critical non-isothermal Craya-Curtet number (Tco=328.15K) is found at Ccri,tni=0.90. 
However, at high temperature of co-flow (1200K), the recirculation zone still exist above 
Ccri,tni=0.90. Therefore, Ctni=0.90 is no longer the critical non-isothermal Craya-Curtet number at 
this condition. As a result, the width of recirculation zone is increased more at high co-flow 
temperature (1200K) through comparing the result at Tco=328.15K due to the buoyancy effect. A 
nearly constant increment of width of recirculation zone is found. Therefore, the result of width 
of recirculation zone at Tco=328.15K is predicted reasonably well by the high co-flow 
temperature condition through considering a constant increment of width of the recirculation 
zone.  Finally, the location of recirculation zone is usually determined by momentum ratio. The 
buoyancy by different temperature has a more dominant effect on width of recirculation zone 
(rwidth). 
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3.1.11. Conclusion 
Experimental investigations were performed on the flow and the mixing characteristics 
through studying the resulting velocity, temperature, NO concentration fields as well as the 
entrainment ratio in the confined turbulent jets in terms of the non-isothermal Craya-Curtet 
number. 
The experimental (current work and previous results such as C.J Chen [53] from free 
turbulent jet and Singh et al. [54] from confined turbulent jet) and numerical results correspond 
reasonably well to one another in the axial direction. Current data is measured and calculated at 
further downstream locations X/d up to 130 whereas previous investigations of confined 
turbulent jet into co-flow were limited to X/d up to 60. The numerical results under-predict the 
velocity decay compared to the experimental results. The centerline velocity decays a little 
further downstream. The centerline velocity decreases slowly at high non-isothermal Craya-
Curtet number because of less confinement effect by recirculation zone. Experimental and 
numerical results find that the different slope of velocity decay is found after X/d (X: axial 
direction, d: jet nozzle diameter) = 60 approximately. The normalized centerline velocity has an 
inversely linear relation to the normalized location (X/d). Therefore, the decay of axial velocity 
along the centerline agrees well with the equations of free turbulent jet. However, when inversely 
normalized mean excess centerline velocity is considered at low non-isothermal Craya-Curtet 
number, the recirculation zone has some effects on the flow characteristics such as velocity. 
Therefore, the estimated equation of velocity from free turbulent jet flow is not acceptable. The 
computed and the measured radial distributions of velocity at different velocity conditions 
collapse fairly well on a Gaussian function except near the outer edge (r/rU/2˃1). However, 
further downstream the velocity distribution is no longer a Gaussian distribution. The measured 
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jet widths at half jet velocity are increased as the jet flow moves along the normalized axial 
direction (X/d) because of the characteristics of spreading of the jet by interacting co-flow. The 
measured widths at half jet velocity correspond well by comparison with the results from free 
boundary condition. 
The study of concentration shows that experiment and numerical results are in agreement. 
Current data and previous results (Steward’s [15] and Spalding’s [55] data from free turbulent 
jets) coincide well along the axial direction. The profile of NO concentration along the centerline 
decays and spread as the jet flow moves along the axial direction respectively. The concentration 
has relatively constant value at low non-isothermal Craya-Curtet number because of the 
recirculation zone and flow interaction. Therefore, the concentration distribution is influenced 
significantly by confinement effects. The results show that the value of centerline NO 
concentration is decreased as the non-isothermal Craya-Curtet number increases because of 
enough entrainment of hot co-flow. Also, the measured and calculated normalized concentration 
has a different slope of the decay of concentration around X/d ˃60 due to limited entrainment by 
confined condition. The calculated and the measured radial concentration profiles at different 
velocity conditions predict very well a Gaussian function except near the outer edge (r/rc/2˃1). 
However, concentration distribution is not Gaussian distribution any longer at further 
downstream locations. The measured concentration widths at half value of initial NO 
concentration are increased as the flow moves along the axial direction because of the interaction 
between the jet flow and the co-flow as well as the spread of the jet. The measured widths at half 
NO concentration have usually much smaller value as the non-isothermal Craya-Curtet number 
increases. 
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The center temperature is increased at high normalized axial direction because of 
sufficient entrained mass of hot co-flow into the center jet. The temperature along the centerline 
is converged to the single value at large axial location through seeing flat and stable temperature 
profiles around X/d=60. The value of normalized centerline temperature profiles is increased as 
the non-isothermal Craya-Curtet number increases because of high co-flow velocity in order to 
make the high non-isothermal Craya-Curtet number. Also, as the jet flow moves along the axial 
direction, the normalized temperature profiles along the radial direction are more uniform at low 
non-isothermal Craya-Curtet number. Therefore, we can make the conclusion that the uniform 
temperature is achieved much sooner at low non-isothermal Craya-Curtet number (Ctni) because 
of thermal mixing by the recirculation zone.  
 The entrainment ratio is studied for verifying the mixing characteristics between the jet 
and the co-flow. The entrainment of mass into jet is increased as the jet flow moves along the 
axial direction due to the increment of entrant mass. Experimental results are well matched by 
Spalding’s results from free turbulent jet flow. Numerical results are relatively overestimated at 
whole normalized axial location. The entrainment ratio is decreasing at higher non-isothermal 
Craya-Curtet numbers due to sufficient entrained mass flow from the co-flow. However, the 
value of entrainment ratio converges to a constant value at low non-isothermal Craya-Curtet 
number by the bigger recirculation zone. The entrainment ratio is decreased faster at the high 
non-isothermal Craya-Curtet number below each critical non-isothermal Craya-Curtet number 
(Cc,tni). Also, the analytical solution of entrainment ratio is verified through comparing measured 
entrainment ratio. 
The study of the role of streamline in confined turbulent jet into co-flow is assessed. As 
non-isothermal Craya-Curtet number is increased, the size of recirculation zone is reduced due to 
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the reduction of excess jet momentum. From these analysis, the Ctni=0.90 is considered as the 
critical non-isothermal Craya-Curtet number. The location and width of recirculation zone moves 
the downstream and is smaller respectively as non-isothermal Craya-Curtet number is increased. 
Also, after center location of recirculation zone, the concentration has uniform profile along the 
radial direction. Therefore, the mixing of confined turbulent jet flow into co-flow is fully 
finished after center location of recirculation zone. 
Finally, the study of confined turbulent jet into co-flow at high co-flow temperature is 
investigated. Ctni=0.90 is no longer the critical non-isothermal Craya-Curtet number at high co-
flow condition because the recirculation zone still exist for values of Ctni greater than 0.90. 
Therefore, the increased width of recirculation zone is found. From these results, the location of 
recirculation zone is generally determined by momentum ratio and the width of recirculation 
zone is influenced significantly by the buoyancy. 
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3.2. Experimental and numerical results of a confined non-reacting turbulent jet in 
counter-flow 
The experimental results of the distribution of the velocity, the concentration, the 
temperature and the entrainment in the confined turbulent jet in counter-flow will be shown in 
this section.  Following Dimotakis [52], the high jet Reynolds number above 10
4
 is used to create 
fully developed turbulence condition. The experimental study of the flow and mixing 
characteristics of the confined turbulent jet in counter-flow is investigated through showing the 
distribution of the velocity, the concentration, the temperature, the width and the entrainment. 
The flow sketch of the confined turbulent jet in counter-flow is shown in figure 3.28.  
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Figure 3.28 Flow sketch of confined turbulent jet in counter-flow 
For this study, the modified momentum ratio between the jet velocity and the counter-flow 
velocity is chosen as follows: 
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The test conditions in this study are listed in table 3.2. For identification of the concentration of 
the central jet, the NO tracer gas in the turbulent jet is used to investigate concentration 
distribution of the jet. 
 
Table 3.2. The experiment and numerical conditions of counter-flow 
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3.2.1. The velocity distribution 
In this section, the study of the velocity distribution is shown along the axial and the 
radial directions. The velocity along the axial direction is studied by changing counter-flow 
velocities at different ranges of fixed initial jet velocity. The initial jet velocity (Uo) at the nozzle 
exit is used to normalize each centerline jet velocity (Uc) and the jet nozzle diameter (d) is used 
to normalize the axial distance.  
 
(a) Ujet=96.12m/s at each different counter-flow 
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(b) Ujet=160.19m/s at each different counter-flow 
 
(c) Ujet=224.26m/s at each different counter-flow 
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(d) Ujet=304.37m/s at each different counter-flow 
Figure 3.29 The decay of normalized axial centerline velocity 
The decay of the normalized axial centerline velocity is plotted as a function of 
normalized axial location (X/d) by using modified momentum ratios (Msqrt) to define the velocity 
conditions between jet velocities and counter-flow velocities in figure 3.29. It is difficult to 
measure velocity in low modified momentum ratios (low jet velocity) at further downstream due 
to fluctuation yet carried out to more than 100 times the jet diameter, maximum of 170 in 
Fig.3.29 (d) is reached. One previous result, Yoda et al. [26], was plotted for the comparison 
with my data and the much shorter range in X/d with a maximum of 30 is noticed. The 
comparison shows that the current results and Yoda’s available results are reasonably close at 
Uj=96.12m/s and Uj=160.19m/s with different counter-flows but there are some deviations 
between my result of high jet velocity conditions (Uj=224.26m/s and Uj=304.37m/s) and Yoda’s 
data. Also, the decay of the velocity along the centerline has inversely linear relation near the jet 
exit between my data and Yoda’s data. However, the decay of the velocity along the centerline 
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has different slopes at large X/d for both experimental and numerical results. This makes sense 
physically because the jet velocity is decelerated as the jet flow moves along the axial direction 
because the jet flow finally reaches the formed stagnation plane by the collision of two opposite 
direction flows. From these findings, the stagnation plane moves downstream as the modified 
momentum ratio (Msqrt) increases (jet velocity increases or counter-flow velocity decreases at 
fixed jet velocity) because the momentum balance between high jet velocity and counter-flow 
occurs at large axial distance.   
 
(a) Ucount=0.612m/s at each jet velocity 
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(b) Ucount=0.913m/s at each jet velocity 
 
(c) Ucount=1.856m/s at each jet velocity 
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(d) Ucount=3.123m/s at each jet velocity 
Figure 3.30 The decay of normalized axial centerline velocity 
Figure 3.30 shows the decay of the normalized centerline velocity at different jet 
velocities with fixed counter-flow velocities through using Msqrt (Where Uo is the initial jet 
velocity and Uc is the centerline jet velocity). Also, to compare between my results and previous 
results, Yoda’s [26] results are plotted in each graph. My results and Yoda’s available results 
agrees well at low jet velocity at fixed counter-flow condition in each graph but there are some 
differences as the jet velocity at fixed counter-flow increases or the modified momentum ratio 
increases. The slope of decay of the centerline velocity changes respectively as the jet flow 
moves along the axial direction due to the collision of two opposite direction flows at some axial 
distance. From the definition of modified momentum ratio, equation (33), for increasing 
modified momentum ratio, the numerator has to be increased because the denominator is fixed 
by fixed counter-flow. This means high jet velocity. Therefore, the center jet is able to move 
further downstream due to relatively high jet momentum against fixed momentum of counter-
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flow. Accordingly, the stagnation plane moves further downstream as the modified momentum 
ratio increases.      
 
(a) Ujet=96.12m/s and Ucount=0.672m/s 
 
(b) Ujet=96.12m/s and Ucount=0.913m/s 
Msqrt=2.06 
Msqrt=1.38 
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(c) Ujet=96.12m/s and Ucount=1.856m/s 
 
(d) Ujet=96.12m/s and Ucount=3.123m/s 
Msqrt=0.68 
Msqrt=0.40 
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(e) Ujet=160.19m/s and Ucount=0.612m/s 
 
(f) Ujet=160.19m/s and Ucount=0.913m/s 
Msqrt=3.43 
Msqrt=2.30 
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(g) Ujet=160.19m/s and Ucount=1.856m/s 
 
(h) Ujet=160.19m/s and Ucount=3.123m/s 
Msqrt=1.13 
Msqrt=0.67 
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(i) Ujet=224.26m/s and Ucount=0.913m/s 
 
(j) Ujet=224.26m/s and Ucount=1.856m/s 
Msqrt=3.22 
Msqrt=1.58 
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(k) Ujet=224.26m/s and Ucount=3.123m/s 
 
(l) Ujet=304.37m/s and Ucount=1.856m/s 
Msqrt=0.94 
Msqrt=2.15 
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(m) Ujet=304.37.44m/s and Ucount=3.123m/s 
Figure 3.31 The radial velocity distribution 
The radial velocity distributions at different jet velocities and different counter-flow 
conditions (or different modified momentum ratios) are shown in figure 3.31. From experimental 
and numerical results, different colored rhombuses (experimental results) and colored solid lines 
(numerical results) are used at different locations of X/d (X: axial direction, d: jet nozzle 
diameter). Previous results are expressed as two colored dash lines. The equations (44) and (45) 
for two colored dash lines are found in Lam et al [24] and Sivapragasam [36]. These are shown 
as: 
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Msqrt=1.28 
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Where U is the radial velocity at different normalized location of X/d, Uc is the centerline jet 
velocity, Ucount is the counter-flow velocity and rU/2 is the width of half jet velocity. From the 
equation (44), (45) and my results, the jet flow retains the self-similar region in spite of the 
counter-flow condition. Therefore, the velocity distribution can be expressed as Gaussian 
function. However, the characteristics of self-similar region of counter-flow conditions are 
destroyed by the stagnation plane a much lower axial location as compared to free turbulent jet 
flow or co-flow conditions. In self-similar regions, normalized radial velocity distributions 
collapse fairly well between results of Lam et al [24] and Sivapragasam [36]. This means that 
there is a good agreement between current results and previous results for all velocity conditions 
between the jet and the counter-flow. The velocity fluctuation increases as the jet flow moves 
along the axial direction by a turbulent intensity. The increment of turbulent intensity is 
identified by observing high standard deviations at large axial location.   
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3.2.2. The concentration distribution 
To verify the characteristics of concentration, the axial and radial normalized 
concentration distribution are shown in this part. The normalized axial distribution of NO 
concentration is shown through changing counter-flow velocities at each fixed jet velocity. The 
value of Co (initial center concentration of NO) is normalized by using Cc (NO center 
concentration) at the different X/d (X: axial direction, d: jet nozzle diameter).  
 
(a) Ujet=96.12m/s at different counter-flows 
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(b) Ujet=160.19m/s at different counter-flows 
 
(c) Ujet=224.26m/s at different counter-flows 
Figure 3.32 The measured concentration along the axial direction 
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From figure 3.32, the decay of normalized concentration along the axial direction is 
shown by using different modified momentum ratios (different counter-flow velocity with fixed 
jet velocity). Yoda’s [26] and Tsunoda’s [34] results are plotted in the graph for comparison to 
previous results. Current results and previous results are reasonably close near the jet exit (below 
X/d =20). The decay of the center concentration shows two trends at fixed jet and different 
counter-flow velocity conditions. First of all, the normalized concentration has two different 
slopes around X/d=30 as the jet flow moves along the axial direction. This trend changes from 
linear function to exponential function due to the location of the stagnation plane. From these 
results, the decay of concentration is mainly influenced by counter-flow because of the 
stagnation plane by colliding two flows (the effect of counter-flow). 
 
(a) Ucount=0.612m/s at each jet velocity 
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(b) Ucount=0.913m/s at each jet velocity 
 
(c) Ucount=1.856m/s at each jet velocity 
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(d) Ucount=3.123m/s at each jet velocity 
Figure 3.33 The measured concentration along the axial direction 
The axial decay of the normalized concentration is expressed by using different 
momentum ratios (different jet velocities with fixed counter-flow velocity) in figure 3.33. To 
show the comparison between previous results such as Yoda’s [26] and Tsunoda’s [34] results 
and current concentration results, the previous results are also plotted in figure 3.33. At small 
value of X/d=20(near the exit of jet), similar trends are found between our test results and 
previous results. In the case of different jet velocities at respectively fixed counter-flow velocity, 
two trends of the decay of the center concentration are found. First, usually, the decay of the 
normalized concentration has inversely linear function of X/d. Therefore, the trend of the decay 
of the concentration is changed by the stagnation plane (by colliding between jet flow and 
counter-flow). The concentration is spread more quickly along the radial direction because of 
blocking the axial direction by the stagnation plane. This phenomena causes to make the dilution 
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of NO. Second, the concentration is moving further downstream and decayed slowly at low fixed 
counter-flow condition and high jet velocity or high modified momentum ratio.   
Figure 3.34 represents the radial velocity distribution at modified momentum ratio or 
different jet velocities and different counter-flow conditions. To show experimental and 
numerical results, different colored rhombuses and colored solid lines are used at different 
locations of X/d (X: axial direction, d: jet nozzle diameter) in figure 3.34. The radial NO 
concentration at different location of X/d is C, the NO concentration along the centerline is Cc 
and the width of half value of NO concentration is rc/2.  
 
(a) Ujet=96.12m/s and Ucount=0.613m/s 
Msqrt=2.06 
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(b) Ujet=96.12m/s and Ucount=0.913m/s 
 
(c) Ujet=96.12m/s and Ucount=1.856m/s 
Msqrt=1.38 
Msqrt=0.68 
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(d) Ujet=96.12m/s and Ucount=3.123m/s 
 
(e) Ujet=160.19m/s and Ucount=0.612m/s 
Msqrt=0.40 
Msqrt=3.43 
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(f) Ujet=160.19m/s and Ucount=0.913m/s 
 
(g) Ujet=160.19m/s and Ucount=1.856m/s 
Msqrt=2.30 
Msqrt=1.13 
135 
 
(h) Ujet=160.19m/s and Ucount=3.123m/s 
 
(i) Ujet=224.26m/s and Ucount=0.913m/s 
Msqrt=0.67 
Msqrt=3.22 
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(j) Ujet=224.26m/s and Ucount=1.856m/s 
 
(k) Ujet=220.64m/s and Ucount=3.123m/s 
Figure 3.34 The radial concentration distribution 
Msqrt=1.58 
Msqrt=0.94 
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Our normalized radial concentration distributions are shown coherently (not spread out) 
in certain normalized axial direction which is depended on Msqrt. Therefore, a single curve 
equation [47] to be represented by a Gaussian function is derived through collapsing fairly well 
on the basis of experimental and numerical results. This equation is, 
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The results find that the concentration fluctuation is increased as the jet flow moves along the 
axial direction due to the turbulent intensity. However, the concentration fluctuation is very 
small compared to the velocity fluctuation. This means that the concentration fluctuation has less 
affected by the turbulent intensity. From our equation of normalized NO concentration (46), it 
verifies that the self-similar region of the radial distribution of concentration also exists in 
counter-flow condition. Therefore, the profiles of the normalized concentration are able to 
express as a Gaussian function at only near some location from the jet exit. 
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3.2.3. The temperature distribution 
To investigate the characteristics of temperature in the confined turbulent jet in counter-
flow, the axial and the radial temperature distribution are studied as the function of X/d (X: axial 
location, d: jet nozzle diameter) in this section. The graphs are plotted by using modified 
momentum ratios for verifying the effect of different counter-flow velocities at fixed jet velocity 
as well as the effect of different jet velocities at fixed counter-flow velocity.  
 
(a) Ujet=96.12m/s at different counter-flow velocities 
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(b) Ujet=160.19m/s at different counter-flow velocities 
 
(c) Ujet=224.26m/s at different counter-flow velocities 
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(d) Ujet=304.37m/s at different counter-flow velocities 
Figure 3.35 The measured temperature along the axial direction at different counter-flows 
The temperature profiles are shown in figure 3.35 at the fixed jet velocity and 
respectively different counter-flow velocities by using modified momentum ratios. Tc (centerline 
jet temperature) is plotted at the different normalized locations-X/d (where X is axial direction 
and d is jet nozzle diameter). The Tc is increased at high axial location due to moving to the 
stagnation plane or moving more closer to counter-flow region. The centerline temperature, Tc, is 
converged to the single value as the jet flow moves along the axial direction. Therefore, the 
normalized temperature profiles are flat and stable at large axial distance because of the heat 
transfer from the stagnation plane. The stagnation plane usually divides two flows between a 
cold jet flow and a hot counter-flow. Therefore, it is difficult for the hot counter-flow to move 
the jet stream. Accordingly, the jet temperature is increased slowly in the first part of the jet due 
to insufficient heat transfer. The location of uniform centerline temperature moves downstream 
as modified momentum ratio increases because of the movement of stagnation plane.  
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Figure 3.36 shows the temperature profiles along the centerline at the fixed counter-flow 
and different center jet velocities by using Msqrt. The center temperature approaches an asymtote 
as the jet flow moves along the axial direction because of heat transfer and mixing. The same 
trends and levels are seen for different modified momentum ratios (different velocity conditions 
between the jet velocity and the counter-flow velocity). Also, at low modified momentum ratio 
in each figure, the centerline temperature has a near uniform temperature at smaller X/d due to 
location of stagnation plane. From these results, the stagnation location has significant role of 
making uniform temperature of confined turbulent jet flow into counter-flow. 
 
(a) Ucount=0.612m/s at different jet velocities 
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(b) Ucount=0.913m/s at different jet velocities 
 
(c) Ucount=1.856m/s at different jet velocities 
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(d) Ucount=3.123m/s at different jet velocities 
Figure 3.36 The measured temperature along the axial direction at different jet velocities 
 
(a) Msqrt=3.43 
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(b) Msqrt=2.30 
 
(c) Msqrt=1.38 
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(d) Msqrt=0.40 
Figure 3.37 The measured temperature along the radial direction 
The normalized radial temperature distributions (r: radial direction, d: jet nozzle diameter, 
Tc: temperature at the centerline) are plotted in figure 3.37. From figure 3.37, as the jet flow 
moves along the axial direction, the temperature profiles are more uniform usually at X/d=67 due 
to the turbulent mixing and heat transfer between the cold turbulent jet and the hot counter-flow. 
The radial temperature distribution becomes uniform slightly faster as the modified momentum 
ratio decreases because the hot counter-flow must be increased for making small value of 
modified momentum ratio (Msqrt) as well as movement of stagnation plane. Therefore, the case 
of low value of Msqrt has enough thermal energy for making uniform profiles of temperature.  
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3.2.4. The width 
 
(a) Ujet=96.12m/s at different counter-flow velocities 
 
(b) Ujet=160.19m/s at different counter-flow velocities 
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(c) Ujet=224.26m/s at different counter-flow velocities 
 
(d) Ujet=304.37m/s different counter-flow velocities 
Figure 3.38 The measured jet width at half jet velocity 
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(a) Ucount=0.612m/s at each different jet velocities 
 
(b) Ucount=0.913m/s at each different jet velocities 
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(c) Ucount=1.856m/s at each different jet velocities 
 
(d) Ucount=3.123m/s at each different jet velocities 
Figure 3.39 The measured jet width at half jet velocity 
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Figure 3.38 and 3.39 show the measured jet widths of half jet velocity. The widths in 
figure 3.38 are defined at fixed jet velocity and different counter-flows. Figure 3.39 shows that 
the widths are plotted at fixed counter-flow velocity and different jet velocities. The jet width of 
half jet velocity increases as the jet flow moves along the axial direction due to the entrainment 
and mixing between the jet and counter flow. One previous result, Hussein et al. [56], in the free 
turbulent jet condition is plotted in each graph for comparing our test result. The measured width 
of half jet velocity matches well with the results from the free boundary condition. As the 
momentum ratio and the axial location increase, there are some deviations between current result 
and the result of the free turbulent jet [56] due to counter-flow effects. From figure 3.38 and 3.39, 
the widths are increased linearly as the jet flow moves downstream. There is no significant 
difference in spite of different modified momentum ratios. However, physically, the case of the 
low counter-flow (high modified momentum ratio) causes small width of the jet flow because the 
width is usually produced not by colliding but by the spreading characteristics of jets. Therefore, 
there are some other factors to influence on the jet width of half jet velocity at the confined 
turbulent jet in the counter-flow. Accordingly, we conclude that the half width of jet velocity is 
mainly caused by the mixing similar to the conclusions from considering concentration and 
temperature profiles. In the case of Msqrt=1.28 (Uj=304.37m/s and Ucount= 3.123m/s), the width 
of half jet velocity is increased linearly up to X/d=120 but decreased at X/d=131 because of the 
location of stagnation plane. That means that the high jet flow condition results in a high 
fluctuation and an intermittency of a jet region near the stagnation plane and this flow region also 
becomes unstable in figure 3.43 and 3.49. 
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(a) Ujet=96.12m/s at different counter-flow velocities 
 
(b) Ujet=160.19m/s at different counter-flow velocities 
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(c) Ujet=224.26m/s at different counter-flow velocities 
Figure 3.40. The measured concentration width at half concentration 
 
(a) Ucount=0.612m/s at each different jet velocities 
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(b) Ucount=0.913m/s at each different jet velocities 
 
(c) Ucount=1.856m/s at each different jet velocities                   
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(d) Ucount=3.123m/s at each different jet velocities 
Figure 3.41. The measured concentration width at half concentration 
From figure 3.40 and 3.41, the experimental and numerical concentration width of half 
value of initial NO concentration is shown. The width of half NO concentration in figure 3.40 
and 3.41 is plotted respectively at fixed jet velocity with different counter-flows and at fixed 
counter-flow velocity with different jet velocities. The half NO concentration width is increased 
as the jet flow moves along the normalized axial direction (X/d) because of the stagnation plane 
by the interaction between jet flow and counter-flow as well as the characteristics of jet 
spreading. From figure 3.41, the normalized half NO concentration width is almost similar value 
below X/d=60 in spite of different modified momentum ratios or different velocity conditions 
between jet and counter-flow velocities. However, after X/d is 60 (where X is axial location and 
d is jet nozzle diameter), the value of the width of half NO concentration spreads out at each 
different modified momentum ratio. Current results show that the widths of half NO 
concentration have usually much larger values as modified momentum ratio increases at fixed jet 
155 
velocity with different counter-flows. This means that the width of half NO concentration is 
increased at low counter-flow with fixed jet velocity. This is also same conclusion from the 
width of half jet velocity. Therefore, also, the mixing movement has the effect on the width of 
half NO concentration at the confined turbulent jet in counter-flow. There is the same trend (not 
highly spread-out) at fixed counter-flow with different jet velocities. Also, the value of the 
widths of half NO concentration increase at higher modified momentum ratio. However, at fixed 
Ucount=3.123m/s, the width of NO concentration is decreased at higher modified momentum ratio. 
Therefore, also, the jet velocity has significant role at higher counter-flow velocity. Generally, 
the width of half NO concentration is more influenced by the mixing movement of counter-flow.  
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3.2.5. The stagnation plane as well as penetration length 
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Figure 3.42 Flow configuration for the explanation of stagnation surface 
To study the role of the stagnation plane in confined turbulent jet flow into counter-flow, 
two terminologies are defined as stagnation surface or plane and penetration length in figure 3.42. 
From figure 3.43, as modified momentum ratio increase, the stagnation surface is enlarged and 
moved into the region of counter-flow further due to higher Ujet or smaller Ucount.  
 
(a) Msqrt=0.40 
 
(b) Msqrt=0.94 
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(c) Msqrt=1.58 
 
(d) Msqrt=2.15 
 
(e) Msqrt=3.43 
Figure 3.43 Stagnation surface at different modified momentum ratios 
To check the penetration length, computed penetration length (Xp) is defined at different 
velocity ratios and Ujetdj/UcountDo in figure 3.44. The penetration length is normalized by using 
jet nozzle diameter (dj) or duct diameter (Do). The recent numerical study of penetration length 
done by Sivapragasam et. al [58](in isothermal and incompressible condition) is plotted for 
comparison in figure 3.44. Penetration length is increased as modified momentum ratio is 
increased due to high jet velocity or low counter-flow velocity. Finally, the penetration length 
approaches a constant value as modified momentum ratio increases. This is the same conclusion 
in stagnation surface in spite of the isothermal and incompressible conditions. 
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(a) Xp/dj as function of velocity ratio (Ujet/Ucount) 
 
(b) Xp/Do as function of Ujetdj/UcountDo 
Figure 3.44. Computed penetration length at different velocity ratios and Ujetdj/UcountDo 
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3.2.6. The effect of high counter-flow temperature 
The high temperature of counter-flow (1200K) effects on the characteristics of stagnation 
plane and penetration length (red circle) is considered in this section numerically. Also, two 
conditions such as constant counter-flow velocity and constant counter-flow mass were selected. 
Ujet=160.19m/s and Uco=1.856m/s is used as reference value. Three different modified 
momentum ratios are found such as Msqrt=1.13 at Tcounter=328.15K as reference, Msqrt=6.57 at 
Tcounter=1200K (constant counter-flow velocity) and Msqrt=1.80 at Tcounter=1200K (constant 
counter-flow mass).  In figure 3.45, the penetration length is showed. There is not any difference 
among the estimation at different counter-flow temperature. As a result, the buoyancy does not 
have any significant effect on the penetration length. 
 
Figure 3.45 Penetration length at high counter-flow temperature 
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3.2.7. The entrainment 
For studying the entrainment, the entrainment ratio is used as follow in figure 3.46. 
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Where mo is the initial mass coming from the jet at the center location, me is the entrained mass 
at certain position into center area of the jet and mcount is the mass coming from counter-flow. 
The entrainment at the confined turbulent jet in counter-flow is studied through considering 
different counter-flow velocities at fixed jet velocity and different jet velocities at fixed counter-
flow velocity. For calculating the entrainment ratio, the initial mass from jet (mo) is normalized 
by using the entrainment mass (me) and expressed as the different normalized locations (X/d). 
 
(a) Ujet=96.12m/s at different counter-flow velocities 
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(b) Ujet=160.19m/s at different counter-flow velocities 
 
(c) Ujet=224.26m/s at different counter-flow velocities 
Figure 3.46 The measured entrainment 
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Modified momentum ratios are used for representing the velocity conditions between jet 
and counter-flow at each plot in figure 3.46. The comparison shows that there are almost similar 
values between measured results and numerical results. Usually, the entrainment is increased at 
high axial location by the flow interactions between the jet and the counter-flow. The 
entrainment ratio is decreased relatively faster at low modified momentum ratios (Msqrt) in each 
graph because of the effect of high counter-flow such as better mixing by stronger interaction 
between the jet and the counter-flow. Also, the entrainment ratio is influenced by the effect of 
the counter-flow. Also, this difference between measured results and results from numerical 
calculation is increased as high jet velocity and is decreased at higher axial location respectively. 
The measured entrainment ratio is decreased as the counter-flow velocity increases at fixed jet 
velocity. This phenomenon is already explained by concentration profiles (due to the mixing 
movement by counter-flow effect). As a result, the entrainment ratio is usually highly changed. 
 
(a) Ucount=0.612m/s at different jet velocities 
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(b) Ucount=0.913m/s at different jet velocities 
 
(c) Ucount=1.856m/s at different jet velocities 
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(d) Ucount=3.123m/s at different jet velocities 
Figure 3.47 The measured entrainment 
Figure 3.47 shows that the entrainment ratio has the function of X/d (d: jet nozzle 
diameter) at fixed counter-flow and different jet velocities. The numerical results are relatively 
underestimated through comparing experimental results at all of ranges of normalized axial 
location. Generally, entrainment ratio is linear decayed as function of normalized axial location. 
Usually, the value of entrainment ratio has the smaller values at low modified momentum ratio 
due to closer stagnation plane. At fixed counter-flow velocity, the low modified momentum ratio 
mean low jet velocity. Therefore, the stagnation plane is able to move near jet region. Also, 
usually, the value of entrainment ratio is smaller at fixed higher counter-flow because the high 
counter-flow condition causes a recirculation zone (by the stagnation plane) near jet region. 
Therefore, more entrained mass is able to go into jet region at large axial distance.       
To check the change of the entrainment ratio at the location of the stagnation plane, one 
special test case is studied. Figure 3.48 shows the comparison between one special case and 
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Spalding’s [55] results from the free turbulent jet. One special case (Uj=96.12m/s and 
Ucount=3.123m/s) is measured up to the region of the stagnation plane (X/d=83, the location of 
stagnation at centerline is X/d=82.4 numerically) successively through several trials. The 
entrainment ratio is not seriously increased through comparing the entrainment ratio of the free 
turbulent jet condition except large axial location or near the location of the stagnation plane. 
The blocking by the stagnation plane causes insufficient entrained mass. However, the 
entrainment ratio is increased exponentially near the location of the stagnation plane due to 
sufficient entrained mass by mixing of colliding two flows. Finally, the Spalding’s equation of 
the entrainment cannot evaluate the entrainment of the confined turbulent jet flow in counter-
flow at large axial location due to the existence of the stagnation plane but be useful near jet exit 
 
Figure 3.48 The comparison between entrainment from counter-flow and from free flow 
To explain this phenomenon graphically, the stagnation plane is shown in figure 3.49 at 
this velocity conditions. The stagnation plane results in dividing between the jet and the counter-
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flow. The two flows collide at the location of stagnation surface. Therefore, the side of the jet has 
insufficient entrained mass before the stagnation surface. Entrainment is increased exponentially 
at location of stagnation surface.  
 
Figure 3.49 The schematic of flow near the stagnation plane 
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3.2.8. Conclusion 
Experimental studies were performed on the flow and the mixing characteristics such as 
the resulting velocity, the temperature, the NO concentration fields as well as the entrainment 
ratio of the confined turbulent jets in the counter-flow by using the modified momentum ratio 
(velocity conditions between the jet velocity and the counter-flow). 
The decay of axial velocity along the centerline agree reasonably well at relatively low jet 
velocity (Uj=96.12m/s and Uj=160.19m/s) with different counter-flow velocity but some 
deviations at relatively high jet velocity conditions exist (Uj=224.26m/s and Uj=304.37m/s) with 
different counter-flows when compared to previous results (which was limited to measure up to 
X/d=30 in Yoda’s result [26]). The decay of the centerline velocity has an inversely linear form 
near the jet exit but has an exponential form for the function of normalized locations (X/d, where 
d is jet nozzle diameter) at some normalized axial locations (to be decided by different velocity 
conditions between jet and counter-flow velocity) due to the formed stagnation plane by the 
colliding two flows. As the modified momentum ratio (Msqrt) increases, the centerline velocity 
decays slowly because of high jet velocity. Therefore, the jet is able to move further downstream 
because of relatively high jet momentum against the counter-flow momentum. The radial 
distributions of the velocity at different velocity conditions collapse fairly well on a Gaussian 
function by comparing previous results because of self-similar characteristics of the jet in spite of 
the condition of the confined turbulent jet in counter-flow. Also, the fluctuation of the velocity 
increases at the high axial direction because of the turbulent intensity. As the jet flow moves 
along the axial direction, the measured jet widths of half jet velocity are increased because of the 
characteristics of jet spreading as well as the blocking by the stagnation plane (counter-flow 
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effect). The measured widths of half jet velocity correspond well (where X is axial location and d 
is jet nozzle diameter) to the results of the free turbulent jet. 
The results of this study show the decay of NO concentration along the centerline. Our 
measured results and previous results of the concentration are in reasonable agreement below 
X/d =20 where previous results are available.  There are two kinds of trends to explain the decay 
of NO concentration of the confined turbulent jet in counter-flow. 1) The normalized NO 
concentration decreases linearly at the high modified momentum ratio as the jet flow moves 
along the axial direction. 2) As the counter-flow velocity (the modified momentum ratio 
decreases) increases at each velocity condition, the normalized NO concentration decays faster at 
high X/d. The changed trend of the decay of concentration is caused by high counter-flow 
because the stagnation plane (by the collision between jet and counter-flow) moves towards the 
side of the jet exit as the counter-flow becomes higher. Accordingly, the concentration is spread 
relatively fast along the radial direction because of blocking the jet movement against the axial 
direction. Current normalized radial concentration distributions are shown coherently at even 
high normalized axial direction. These radial concentration distributions are able to be shown by 
using a Gaussian function. Therefore, the confined turbulent jet in counter-flow has the self-
similar region up to some axial distances. The measured width of half NO concentration is 
increased at the high normalized axial direction (X/d) because of the blocking by the stagnation 
plane (to be interacted between jet flow and counter-flow) as well as the jet spreading. The 
normalized half NO concentration width is almost similar value below X/d=60 in spite of 
different modified momentum ratios but spreads out at X/d>60 at each different modified 
momentum ratio. The measured widths of half NO concentration have usually much larger 
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values at higher modified momentum ratio at fixed jet velocity with different counter-flows by 
the effect of the mixing movement of counter-flow in the confined turbulent jet.    
The Tc is increased at high axial location due to enough heat transfer coming from the 
stagnation plane or the counter-flow region. The centerline temperature, Tc, is converged to the 
single value as the jet flow moves along the axial direction. The normalized temperature profiles 
are flat and stable at large axial distance because of stagnation plane. Hot counter-flow is 
difficult to move the jet stream because the stagnation plane usually makes roles as obstacles 
between a cold jet flow and a hot counter-flow. Accordingly, the jet temperature is heated slowly 
because of amount of insufficient heat transfer. As the jet flow moves along the normalized axial 
direction, the temperature radial distributions are usually more uniform at X/d=67 due to the heat 
transfer by interacting between the cold turbulent jet and the hot counter-flow. The uniform 
temperature is getting slightly faster at low modified momentum ratio due to the sufficient 
amount of hot counter-flow for making low value of Msqrt.  
To check the stagnation surface and penetration length, Stagnation surface and 
penetration length are defined. Stagnation surface and penetration length are increased as 
modified momentum ratio is enlarged because of high jet velocity or low counter-flow velocity. 
The penetration length has constant values at higher modified momentum ratio. Also, to check 
the buoyancy effect on the penetration length, the temperature of counter flow is changed from 
328.15K to 1200K. It shows that there is not any difference among the numerical estimation of 
penetration length at different counter-flow temperature.  
Finally, our measured results of the entrainment ratio are similar and slightly smaller than 
numerical results. Usually, as the jet flow moves along the axial direction, the entrainment is 
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increased by the interaction of two flows. However, in the confined turbulent jet in counter-flow, 
the entrainment ratio is increased at the location of stagnation surface. The difference between 
measured entrainment ratio and results of numerical results is increased as the counter-flow 
velocity (or low modified momentum ratio) increases and the axial location decrease. Usually, 
the entrainment ratio of the confined turbulent jet into the counter-flow generally is smaller than 
that of the free turbulent jet condition except the large axial location or the stagnation plane. 
However, in the case of the confined turbulent jet in counter-flow, the entrainment ratio at the 
region of the stagnation plane increases exponentially by sufficient entrained mass of mixing of 
colliding two flows. Therefore, the Spalding’s equation of entrainment does not evaluate the 
entrainment of the confined turbulent jet flow in the counter-flow but is useful near the jet exit.   
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CHAPTER 4 
Numerical study of a confined non-reacting and reacting turbulent jet in a current furnace 
for homogeneous combustion 
4.1 Numerical setup of a confined non-reacting and reacting turbulent jet in a current 
furnace for homogeneous combustion 
Although several investigations of homogeneous combustion were studied, most research 
has focused not on flow characteristics but on chemical characteristics of homogeneous 
combustion. The investigation of flow and reacting characteristics of homogeneous combustion 
is needed in order to better understand some of the fundamental conditions that can lead to 
homogeneous combustion. Flow as well as reacting characteristics of homogenous combustion 
will be investigated numerically through changing the independent controllable variables, air 
nozzle diameter (dair), fuel nozzle diameter (df), equivalence ratio (Φ), oxygen concentration, 
gravity, different bottom temperature, separation distance and soot radiation. FLUENT among 
several commercial CFD programs is used for this numerical approach. In this study, the same 
geometry as an existing experimental furnace in the lab is used as shown in figure 4.1. The 
existing furnace has one fuel jet at the center, four air jets surrounding the top center, and six 
exhaust vents at the bottom. The separation distance between the fuel and the air jet is 280mm; 
this distance is fixed. The temperature of the bottom of the combustor is 150°C due to a water-
cooled bottom plate. To study the flow and reacting characteristics of homogeneous combustion 
numerically, the current combustor is modeled. The entire domain of this combustor has 8.4 
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million grid points which leads to typical cell dimensions of (x: 4mm y: 4mm z: 4.4mm) which is 
a resolution that is sufficient to describe the large scale flow and mixing features by considering 
the accuracy under the constraint of a reasonable computation time in figure 4.1-(c). This 
resolution is not enough to resolve a typical unsteady laminar flamelet of thickness 0.5-1 mm. 
This is in contrast to direct numerical simulation (DNS) which resolves all the small scale 
structures in the unsteady flow, but then does not cover a physical domain larger than 1-2 mm 
[62]. The current numerical method will thus be able to solve for all the large scale flow and 
geometry including turbulence, but must be modeling the small scale effects. Just the opposite is 
the case for the DNS and from the current state of the art the two methods barely meet i.e. the 
current single cell size is larger than the total domain for the DNS by a factor of 64.  
           
             (a) Interior                          (b) Exterior                 (c) Numerical domain 
Figure 4.1 Schematic of furnace 
First, for the study of modelling a reacting turbulent gas, the Realizable K-ε model [44] 
with enhanced wall function is utilized. The realizable K-ε model was proposed to resolve the 
limitation of the traditional K-ε model. The transport equations for the realizable K-ε model are  
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Where Gk means the generation of mean turbulent kinetic energy by the mean velocity gradient, 
Gb represents the production of turbulent kinetic energy due to the buoyancy, and YM is the 
contribution of the fluctuating dilatation. To manipulate this turbulence model, Prt (Turbulent 
Prandtl number)=0.85, C2=1.9, C1ε=1.44, σk=1.1, σε=1.2, Cμ=0.09, Sk and Sε (user defined source 
terms) are used as default values. An enhanced wall function is considered to estimate the effect 
by the wall. An enhanced wall function is called near wall modeling when it uses a two-layer 
model [43]. The whole domain for numerical calculation is subdivided into a near wall region 
(viscosity-dominant region, Rey<Rey*) and a fully turbulent region (Rey >Rey*, Rey*=200). 
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where y is the normal distance of wall at the cell centers. The y is calculated as: 
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174 
In this study of the combustion phenomena in the furnace, a reduced chemistry model is 
used for the combustion process, it is a two-step reaction model of methane and air accompanied 
by addition of the carbon monoxide reaction [59]. 
OHCOOCH 224 25.1  ,
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Here E is the activation energy, A is the steric factor or kinetic pre-exponential factor and a&b 
are the exponent values. To predict the slow chemical reaction of homogeneous combustion (low 
Damköhler number) [60], the Eddy Dissipation Concept (EDC) model [61] is selected in 
FLUENT [43]. The EDC model is an extension of the eddy dissipation model to consider the 
detailed chemical reaction mechanism in turbulent reacting flow. The EDC model assumes that 
all reactions will occur at the smallest turbulent length scale such as the Kolmogorov scale and 
that this domain occupies a volume fraction less than 1 based on considerations of the cascading 
process [49]. This length scale is validated as an equation (56). Also, the time scale of this small 
length scale is modeled in equation (57) where * connotes small scale quantities.                                                                                                       
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The source term (Ri) in the conservation equation of the mean species is defined in the following 
equation where 
*
iY is the mass fraction of species i on a small scale: 
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The EDC model covers the fast to slow chemistry where it is completely determined by the 
mixing rate on the small scale. This model does not employ the local well stirred reactor, but 
makes the reaction rate equal to the dissipation on the small scales which equal the transport rate 
of kinetic energy down to the small scales [61].  
It is a reasonable approximation to consider methane a gray medium and non-scattering 
gas because of its radiation properties with wavelength/frequency. With this in mind the Discrete 
Ordinates (DO) radiation model is selected to simplify the treatment of radiation and still provide 
some reasonable results. The DO radiation model [43] consists of the radiative transfer equation 
(RTE) by formulating the field direction, s

 in FLUENT. The RTE is expressed as an equation 
of gray radiation (59): 
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The DO radiation model is combined with the weighted sum of gray gas model (WSGGM) in 
which spatial variation in the total emissivity is calculated as a function of gas composition and 
temperature. The WSGGM is an approximate estimate as a compromise between a completely 
detailed model and the oversimplified model of defining a specific absorption band. 
To estimate the NOx emission in homogeneous combustion, thermal and prompt NOx 
formations are considered with the EDC model and the two step reaction model. The thermal 
NOx formation is calculated by an extended Zeldovich mechanism. The extended Zeldovich 
reaction mechanisms are as follows, 
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O + N2 ↔ N + NO                                                                                                                        (60) 
N + O2 ↔ O + NO                                                                                                                        (61) 
N + OH ↔ H + NO                                                                                                                      (62) 
The rate of NO formation through the extended Zeldovich mechanism in equation 60−62 is 
defined by, 
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                                                                     (63) 
OH concentration is assumed to be negligible due to the rate constants eqeq OHkOk ][][ 322  . To 
determine the O radical concentration, a partial equilibrium approach is used by considering 
third-body reactions in the O2 dissociation-recombination process, 
O2 + M ↔ O + O + M                                                                                                                  (64) 
Prompt NOx mechanism is more important in rich flames during combustion of hydrocarbon 
fuels. Actual Prompt NOx mechanism consists of a complicated series of reactions with many 
possible intermediate radicals. 
CH + N2 ↔ HCN + N                                                                                                                   (65) 
N + O2 ↔ O + NO                                                                                                                        (66) 
HCN + OH ↔ CN + H2O                                                                                                             (67) 
CN + O2 ↔ NO + CO                                                                                                                   (68) 
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Major contribution from equation 65 controls the prompt NOx formation rate, 
 
]][[ 2NCHk
dt
NOd
o
                                                                                                                  (69) 
The thermal and prompt NOx formations are used to estimate the net rate of NO formation in this 
dissertation. 
 
Table 4.1 The numerical calculation matrix for the study of homogeneous combustion 
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To find and investigate flow and reacting characteristics of homogeneous combustion as 
well as looking into operating maps of homogeneous combustion, the numerical conditions are 
selected as shown in table 4.1. The flow rate of fuel is fixed to 1900 cm
3
/s with three circular 
fuel diameters (df) used 7.6, 15.2 and 30.4mm. Five circular air (dair) diameters are selected as 
7.95, 11.925, 15.9, 23.85 and 31.8mm in order to obtain a suitable range of equivalence ratios. 
To check the effect of oxygen concentration (XO2) to homogeneous combustion, three oxygen 
concentrations are chosen to 21%, 30% and 40%. Three separation distances (S) uses 140, 280 
and 350mm to show the influence of separation distance. Finally, the buoyancy (run20), different 
bottom temperature (run19) and soot radiation (run 27 and 28) are checked. 
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4.2 Numerical investigation of non-reacting turbulent jet in a current furnace for the study 
of homogeneous combustion 
4.2.1 General overview of non-reacting turbulent jet flow inside combustor 
 
 
 
 
 
 
 
 
 
 
Figure 4.2 Schematic of non-reacting flow motion inside combustor for the study of 
homogenous combustion  
Non-reacting turbulent jets in the current furnace are studied in order to verify the flow 
characteristics inside the furnace. From figure 4.2, the flow zone is divided into two simple flow 
zones such as counter-flow and co-flow assuming the flow is mainly near symmetric. The 
counter-flow is found along the fuel axis and the co-flow is found along the air axis respectively. 
Co-flow Co-flow 
Counter
-flow 
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This description is shown as the result from a numerical simulation for the non-reacting flow in 
figure 4.3 to better understand the features and the non-symmetric real flow. The streamlines for 
the non-reacting condition (run9) is shown in figure 4.3. The fuel jet and the recirculating air 
collide resulting in a stagnation location along the fuel axis. The fuel and air moves along in a 
co-flow beyond the stagnation location creating a smaller recirculating zone for the fuel. Notice 
this flow structure is 3-dimensional so in the XZ plane you do not see the large air recirculation 
except it is noticeable in the bottom right corner. This air flow moves back up to the top in 
between the air jets and gets drawn into the fuel jet stream near the top. This is one of the 
explanations for the large mixing possible between the air and fuel. Therefore, the location of the 
stagnation and the flow structures are key features of the mixing mechanism. 
   
                                      (a) YZ plane                                        (b) XZ plane 
Figure 4.3 Streamline at run9 (non-reacting) 
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Previous studies showed that fast mixing is one of the most essential parameters in order 
to make homogeneous combustion possible. Therefore, it is most important to define the flow 
characteristics inside the combustor in order to understand the mixing mechanism. To verify, 
estimate and correlate the non-reacting co- and counter-flow characteristics inside combustor, in 
this chapter, the previous results of co-flow and counter-flow experiments are used. 
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4.2.2 The characteristics of non-reacting turbulent jet flow inside combustor 
 
Figure 4.4 Normalized velocity along the fuel-axis (Uo,f : original fuel velocity) 
Centerline fuel velocity (Uc) is normalized by the fuel jet inlet velocity (Uo=10.47m/s) in 
figure 4.4. The experimental result (which is expressed as blue square symbol) from the previous 
counter-flow experiments is plotted for the comparison. First of all, experimental and numerical 
results are well matched along the axial direction in spite of different geometry and conditions. 
In figure 4.4, ‘+’ sign is +Z direction (down) and ‘–’ sign is –Z direction. Therefore, flow 
direction is changed after the stagnation location or point. The fuel is going down until the 
stagnation location at which point the fuel flow and air flow collide. Therefore, as the air flow is 
increased the stagnation location moves upwards and the air recirculation zones have higher 
momentum. The stagnation location and the recirculation zones are important to make mixing 
faster and more uniform, which is confirmed between the experimental and numerical results of 
confined turbulent jet flow into counter-flow. 
Air velocity ↑ 
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Figure 4.5 Mass fraction of methane (CH4) along the fuel-axis 
Figure 4.5 shows the mass fraction of methane (CH4) along the fuel-axis. A previous 
counter-flow experiment result (which is plotted as blue square symbols) and numerical results 
are well matched along the axial direction in spite of different geometry and conditions. The 
features of the previous counter-flow experimental results look similar when compared to the 
normalized fuel velocity and mass fraction of methane along fuel axis. The mass fraction of CH4 
drops very rapidly near the stagnation location due to the collision with the recirculation air zone 
and this happens earlier (smaller Z/d) as air velocity is increased. The low nearly constant level 
of the fuel concentration in Figure 4.5 is a result of the recirculated air that mixed a little with the 
fuel near the top of the furnace and came back in the 3-dimensional motion. Only near the very 
bottom of the furnace does the fuel concentration drop to zero. The results of the velocity and 
concentration variations along the fuel line do show the effect of the fuel/air mixing and the 
Air velocity ↑ 
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complex 3-dimensional flow and it is only fully understood when also the complex streamline 
pattern in Figure 4.3 is considered.  
 
Figure 4.6  Location of stoichiometric mixture fraction (fst) as function of air and fuel 
velocity ratio along the fuel axis 
The location of the stoichiometric mixture fraction is plotted as a function of air and fuel 
velocity ratio in figure 4.6. This value is important as it will be close to the initial reaction zone 
obtained after heated to reach ignition. The mixture fraction is found from equation (70) and (71) 
and the location for the stoichiometric value along the fuel axis is determined. 
νFF + νOO ↔ νPP                                                                                                                          (70)  
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F, O and P are fuel, oxidant and product, respectively. νO and νF are stoichiometric coefficients 
of each oxidant and fuel. WO and WF are molecular weight of oxidant and fuel. YF and YO are 
mass fraction of fuel and oxidant at specific locations. oOY and 
o
FY  are mass fraction of oxidant 
and fuel at each inlet location. From figure 4.6, location of the stoichiometric mixture fraction 
moves up as air velocity increases because the mixing occurs earlier due to stagnation location as 
the air velocity increases. This reaction location creates hot products that are able to preheat and 
dilute air and fuel due to the close proximity. The combinations of enhanced mixing, spreading 
of the fuel jet, lower velocities and yet high levels of turbulence all contribute to an increased 
possibility of converting the standard diffusion flame to a homogeneous combustion reaction. 
These characteristics such as dilution and preheating will be explained in the next section.     
 
Figure 4.7 Normalized center air velocity along the air-axis 
The flow characteristics of air inside the combustor are similar to co-flow conditions in 
previous streamline contour. For comparison between previous experimental result of confined 
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turbulent jet into co-flow and numerical result in current combustor, the normalized center air 
velocity along the air axis (Uc: Centerline air velocity, Uo: Initial fuel velocity at air inlet in 
figure 4.7) is plotted for the comparisons in figure 4.7. Although there are different geometry and 
conditions, previous experimental results and numerical results show a similar decay along the 
axial direction but with different decay rates. There is no stagnation location for the air flow 
except the one imposed by the furnace exit flow and bottom plate. There some of the air flows 
out through the exhaust ports and the rest moves back upward creating the larger recirculating 
region. Finally, the stagnation location happens on the fuel axis due to this back flow. 
 
Figure 4.8 Location of stagnation point as function of air and fuel velocity ratios 
To compare the location of stagnation between previous counter flow and numerical 
calculations inside combustor, the location of stagnation point as a function of air and fuel 
velocity ratio is plotted at figure 4.8. The empirical trend equation is correlated from the location 
of stagnation results and shown in equation 72. All of the results are reasonably approximated by 
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an empirical trend line equation. Usually, the stagnation location moves upward as air velocity 
increases. 
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Also, it is interesting to note that this curve fit for the equation of stagnation location is valid for 
the reacting flow case as shown in figure 4.9. The larger scale motion is not significantly affected 
by the heat release but is mainly a function of the momentum ratio between the air and fuel. 
 
Figure 4.9 The comparison of location of stagnation location between non-reacting and 
reacting cases 
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4.2.3 Conclusion 
Numerical studies were performed on the flow characteristics inside the combustor. 
First, the flow is highly complex and 3-dimensional as illustrated by the streamline 
contour plots. A part of the flow has characteristics of counter-flow or co-flow and they are 
found along the fuel axis and air axis, respectively. The air jets extend nearly the full length of 
the furnace and flow out of the XZ plane into the YZ plane near the bottom and op towards the 
top to mix with the fuel jet. The recirculating zone then spreads the fuel further. 
Second, the numerical result of normalized centerline fuel velocity is compared to 
previous counter-flow experimental results. These results are consistent along the axial direction 
in spite of different geometry and conditions. The stagnation location is found along the fuel axis 
due to the recirculating flow of high momentum air. Usually, the stagnation location moves up as 
the air flow velocity increases indicating the relative strength of the recirculating flow and the 
fuel jet.  
Third, a previous counter-flow experiment of mass fraction of CH4 is well matched to 
numerical calculations along the axial direction. Usually, the mass fraction of CH4 drops more 
rapid near the stagnation location caused by the collision between the recirculating air zone and 
the fuel jet. As the recirculating air draws in some fuel near the top of the furnace and more 
mixing on its way down again (co-flowing with the fuel jet) this all results in a faster mixing as 
the air velocity increases. The 3-dimensional flow structures become crucial for the mixture 
preparation and promote the uniformity over the volume.  
Fourth, location of the stoichiometric mixture fraction is an important parameter to 
predict the initial reaction location. Also, location of stoichiometric mixture fraction is closer to 
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jet inlet as air velocity increases due to faster mixing near the stagnation location and the strength 
of the recirculating region. Therefore, an initial reaction zone tends to be located near the upper 
zone of the combustor. This upper location provides the combustion products that enable the 
preheating and dilution of air and fuel in order to facilitate the homogeneous combustion. 
Fifth, the characteristic of co-flow condition is found along the air axis. Numerical results 
of normalized air velocity along air axis are fairly similar to the previous co-flow results. Mostly, 
the normalized trend of air velocity along air-axis decays similarly despite different initial air 
velocities. Therefore, these results show that non-reacting confined turbulent jet flows have 
similar flow characteristics despite of different geometry and velocity conditions. Also, there is 
no stagnation location along air axis (except due to the bottom plate) due to the much higher 
momentum in the air jet as compared with the fuel jet.  
Finally, the location of the stagnation point obtained by the previous counter flow and the 
numerical calculation inside combustor as function of air and fuel velocity ratio are compared. 
An empirical correlation for the stagnation location is found for the non-reacting flow and it 
provides a reasonable estimate for the reacting flow as well. 
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4.3 Numerical investigation of a reacting turbulent jet in a current furnace for 
homogeneous combustion 
4.3.1 Validation of numerical model 
The model of homogeneous combustion is illustrated against the previous experimental 
results obtained in the current experimental combustor [40].  
 
(a) Along fuel axis   
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(b) Along air axis 
Figure 4.10 The comparison between numerical and experimental temperature at run9 
(XO2=0.21, dO2=15.9mm, Φ=1) 
Figure 4.10 shows the comparison between the numerical and experimental temperature at axial 
location (Z) along the fuel and air axis for run 9. Z=0 in each figure means fuel inlet and air inlet 
respectively.  Moving from the inlet, the temperature inside combustor increases to about 1000K 
after which it is fairly constant along the axis. As the larger vortex near the bottom plate is 
approached the temperature drops to around 600K characteristic for that region, see also stream 
lines in fig 4.15. This is one of characteristics of homogeneous combustion. It is decreased by the 
effect of cooled bottom of the combustor and exhaust port as the axial location increases.  
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                                  (a) YZ plane                                                    (b) XZ plane 
Figure 4.11 The comparison between numerical and experimental temperature contour (°C) 
at run9 (XO2=0.21, dO2=15.9mm, Φ=1) 
The temperature contours of YZ and XZ are shown in figure 4.11, respectively. Overall, the 
numerical results for the temperature (left-side in each figure) are reasonably similar to the 
experimental results (right-side in each figure) along all of the ranges of fuel, air axis as well as 
in the YZ and XZ planes. 
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4.3.2 The characteristics of homogeneous combustion 
To find the characteristics of homogeneous combustion, air nozzle diameter (dair), 
independent variables are changed; fuel nozzle diameter (df), equivalence ratio (Φ), oxygen 
concentration, gravity, different bottom temperature, separation distance and soot radiation. The 
characteristics of homogeneous combustion are found as follows. First, the main reaction occurs 
near the upper combustion wall in figure 4.12−(a) & (b). Also, the reaction spreads out in a 
larger volume inside the combustor as compared to the conventional diffusion flame combustion. 
           
                             (a) YZ plane                 (b) XZ plane                  (c) YZ plane 
Figure 4.12 The normalized heat of reaction (HR/HR,max, a & b at run9, c at run18) 
*run9(XO2=0.21, dO2=15.9mm, Φ=1), run18(XO2=0.40, dO2=15.9mm, Φ=1) 
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Conventional diffusion flame occurs between air and fuel as shown in figure 4.12−(c). HR,max 
=0.023kW(a), 0.022kW(b) and 2.996kW(c) are used in order to normalize to heat of reaction so 
the flaming combustion case does have a maximum reaction rate of about 130 times the 
maximum rate seen in cases (a) and (b). The flaming reaction location is further from the top 
plate so the air and fuel will not be preheated significantly before going into the reaction zone. In 
homogeneous combustion, air and fuel are preheated easier and earlier in the upper main reaction 
zone as they are mixed and diluted with hot combustion products. Accordingly, preheating and 
dilution of air and fuel are very important key factors in order to facilitate flameless combustion. 
Second, homogeneous combustion has very uniform temperature distribution due to 
volumetric slow reaction. Figure 4.13 shows the comparison of temperature profiles between 
flameless and flame combustion along fuel and air axis respectively. The temperature in both 
flameless combustion and flame combustion is increased moving downstream as the jet mixes 
with hot products. In the case of flame combustion, the value of temperature increases up to 
Z=0.6m which is the location close to the flame. After that, the temperature decreases. However, 
the temperature in flameless combustion has a different trend through comparing temperature 
profile at flame combustion. The temperature of flameless combustion along the fuel and air axis 
also increases. However, the increment of temperature is very small and almost uniform between 
A and B. The difference between the highest temperature and lowest temperature is smaller in 
flameless combustion. To show the uniformity of temperature of homogeneous combustion 
inside the combustor, the three dimensional temperature distribution is plotted in figure 4.14-(b) 
by using the value of temperature between A (maximum temperature along fuel axis) and B 
(below 2.4% to temperature of A). 
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(a) Along fuel axis 
 
(b) Along air axis 
Figure 4.13 The comparison of temperature between flameless and flame combustion 
(flameless at run9, flame at run 29) 
*run9(XO2=0.21, dO2=15.9mm, Φ=1), run29(XO2=0.40, dO2=15.9mm, Φ=1, S=140mm) 
A 
B 
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Most of the range of homogeneous combustion inside the combustor is placed between 
temperature of A and B. A near uniform volumetrically temperature distribution of homogeneous 
combustion is observed again. This is the main characteristic of homogenous combustion which 
has already been found in previous studies. As a result, the flameless combustion can happen 
when there is significant dilution of both air and fuel jets to lower the chemical reaction rates and 
have a high rate of mixing.  
 
(a) YZ &XY at Z=0.2, 0.5, 0.8 &1.0                 
)(KT
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    (b) Temperature distribution between TA and TB 
Figure 4.14 Temperature (K) distribution of homogeneous combustion in 3D at run9 
(XO2=0.21, dO2=15.9mm, Φ=1) 
Third, the stagnation location is usually found at the fuel axis in homogeneous 
combustion through comparing non-homogeneous combustion (flame combustion) which has no 
stagnation location in figure 4.15. The stagnation location at the fuel axis is an important flow 
characteristic of homogeneous combustion because mixing between reactants and exhaust gas is 
finished at the stagnation location by the bigger recirculation zone between fuel axis and air axis 
as well as the collision of flows that forms a complex 3-dimesional flow field. The streamlines 
do show a flow field that is even more complex than the corresponding non-reacting flow field. 
Also several additional recirculating zones are present and the buoyancy keeps the burned gases 
near the top giving a slightly more complex flow out of the YZ plane to flow up towards the top 
in the XZ plane and mix with the burned gases. This recirculating flow generates a recirculating 
zone next to the fuel jet which cannot be seen in the YZ plane streamlines. To make flameless 
combustion, mixing between flows must be accomplished before the chemical reaction takes 
)(KT
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place; otherwise it becomes a diffusion type flame. The Damköhler number (Da) is usually 
considered as a small value at homogeneous combustion. The stagnation location is a significant 
indicator of the large scale flow structures, their relative strength and the enhancing mixing they 
can produce to promote a diluted uniform combustible mixture. The specific flow characteristic 
inside the combustor is a result of the detailed geometry, the jet velocities (momentum) that 
forms the flow including the stagnation location, which is indicative of larger recirculating 
regions that allow for a fast mixing and dilution resulting in a low local Damköhler number. In 
this investigation the stagnation location and the larger recirculation regions are observed as 
unique flow characteristics under the conditions where homogeneous combustion can happen. 
This stagnation location can be used as an indicator for the possibility of homogeneous 
combustion. Actually, if the conditions result in a stagnation location that is too far away from 
the jet fuel origin the larger scale recirculating region near the fuel jet is no longer there and the 
result is a much lower mixing of fuel and air leading to flaming combustion, see Fig 4.17-(a) 
below. Therefore, the stagnation location of homogeneous combustion is investigated by using 
parameters such as the air and fuel velocity ratio, different fuel diameter and separation distances 
which have a significant effect on flow fields. The 3D-flow motion is illustrated by a few 
streamlines shown in figure 4.15-(d). This figure shows how the flow moves inside the 
combustor from each fuel and air inlet as a function of density to show preheating and dilution. 
Dilution and preheating occur earlier as shown in figure 4.15-(d). Fuel turns to the lateral 
direction by the stagnation location. Fuel starts to move rotationally to air-side. Finally, fuel and 
air collides and mixing between air and fuel occurs. 
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                            (a) YZ plane                  (b) XZ plane                    (c) YZ plane 
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(d) 3D 
Figure 4.15. Streamline contour: flameless: (a) & (b) vs flame combustion −(c), (d) 3D-
flameless (   : Stagnation location) 
Stagnation location moves upward as air and fuel velocity ratio increases in figure 4.16. This 
means that high air velocity or air momentum increase back flow against fuel jet flow. Smaller 
air diameter is able to increase air velocity at fixed mass flow rate or fixed equivalence ratio. 
Therefore, smaller air diameter makes the stagnation location move upward. Different fuel 
diameters do not have significant effects on stagnation location. The stagnation location for 
different fuel diameters (df) such as 7.6 mm, 15.2 mm and 30.4 mm can be estimated by a single 
trend line shown in figure 4.16. However, the stagnation location is changed significantly by 
separation distance (S) between fuel and air inlet because separation distance has direct effect on 
the larger scale flow structures inside the combustor.  
)/( 3mkg
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Figure 4.16 Normalized stagnation locations as function of air and fuel velocity ratios 
The recirculation zone and shape changes by different separation distances are shown in figure 
4.17. The stagnation location is the closest to the top at S=280 mm and the largest distance from 
the top is at S=140 mm among S=140, 280 and 350mm. Generally, stagnation location is 
decreased or moved upward as separation distance increases up to 280mm. The recirculation 
zone between fuel at center and air is getting smaller but the recirculation zone between the air 
and side wall is enlarged as separation distance is decreased below S=140mm.  
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                           (a) S=140mm                 (b) S=280mm                 (c) S=350mm 
Figure 4.17 Streamline contour of YZ at different separation distance                        
(XO2=0.21, dO2=15.9mm, Φ=1;    :Stagnation location) 
Finally, there is no recirculation zone between air and fuel at some critical separation distance. 
Also, this means that there is no stagnation location at fuel axis. Therefore, flaming combustion 
will be found at this critical separation distance due to insufficient and slow mixing between fuel 
and air. After S=280mm, stagnation location is increased or moved downward. Similarly, the 
recirculation zone between fuel and air is increased but the recirculation zone between air and 
side wall is getting smaller as the separation distance is increased. Usually, the stagnation 
location and recirculation zone have an important role in making mixing fast and uniform. 
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Therefore, the shape and location of stagnation region as well as the recirculation zone are very 
important in order to estimate mixing. These results show that the separation distance has a 
significant influence on the shape and location of recirculation zones. Usually, the stagnation 
location has a role in making fast and uniform mixing or dilution, based on the counter flow 
experiments. Therefore, mixing is much faster at S=280 mm than any other separation distances 
(S=140 and 350mm) because of the smallest stagnation location and the corresponding larger 
recirculating zone with the air. Also, when the combustor was designed and built, S=280mm was 
selected, based on previous cold flow experiments shown to give better mixing. Therefore, 
S=280mm is verified and considered as very unique optimal point to make a good degree of 
mixing in the current combustor geometry.  
Fourth, air and fuel are diluted very well and uniformly by the exhaust gas. To show the 
degree of dilution by exhaust gas such as CO, CO2, H2O and NO, the local dilution ratio (Kv,local) 
is defined in equation 73, 
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                                                                                                  (73) 
Figure 4.18 shows that the local dilution ratio (Kv) is very uniform in all of the range in 
homogeneous combustion. Also, the air and fuel are diluted earlier and well along the fuel and 
air axis in homogeneous combustion because of the stagnation location along the fuel axis by the 
bigger recirculation zone between air and fuel. In homogeneous combustion, the stagnation 
location and bigger recirculation zone between air and fuel have strong effect on better mixing 
among flows. Therefore, local dilution ratio is more uniformly distributed inside the combustor 
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at homogeneous combustion. As a result, this is the key parameter to make flameless or 
homogeneous combustion. The local dilution ratio is below 1 from near exhaust port to bottom  
      
Figure 4.18 The contour of local dilution ratio: Kv,local (flameless at run9, flame at run 18) 
*run9 (XO2=0.21, dO2=15.9mm, Φ=1), run18 (XO2=0.40, dO2=15.9mm, Φ=1) 
plate due to some amount of oxygen which is coming from back flow through the exhaust ports 
as well as a very low mass fraction of product. The current combustor has some back flow 
through the exhaust ports which cannot be neglected; this is clearly demonstrated in the 
numerical results shown in Fig. 4.15 and 4.17. Notice the backflow is observed in Fig. 4.15 (b) 
XZ plane but not in the YZ plane so it is a 3-dimensional effect caused by the pressure 
distribution in the flow. This effect from the back flow is found not to have any significant 
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influence on the upper reaction zones which is the focus for the combustion zone.  To minimize 
the effect of back flow, an approach with smaller size exhaust ports is studied in APPENDIX G.  
Fifth, the reaction zone is spread out due to high dilution from the intense mixing as seen 
for run 9 (XO2=0.21, dO2=15.9mm, Φ=1) in fig 4.19 through comparing flaming combustion for 
run 18 (XO2=0.40, dO2=15.9mm, Φ=1) as shown in fig 4.19. This provides another proof (one of 
characteristics of homogeneous combustion) to show preheating and dilution of fuel by 
surrounding exhaust gas in homogeneous combustion. Most of the methane is decomposed at a 
diluted and preheated condition caused by the mixing with exhaust gas. In the case of flame 
combustion, the first step reaction (CH4) occurs in a much smaller flame zone between air and 
fuel. Accordingly, the reaction zone of CH4 is located further downstream between air and fuel 
flows. However, in flameless combustion, the decomposition of CH4 is made closer to the top 
where the recirculating air/fuel is close to the hot combustion products and it much less local 
with lower rates.   
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Figure 4.19 The normalized contour of 
 
 
max
4
4
dt
CHd
dt
CHd
                                                                 
(flameless at run9: XO2=0.21, dO2=15.9mm, Φ=1, flame at run 18: XO2=0.40, dO2=15.9mm, Φ=1) 
Finally, the Damköhler number (Da) is smaller in homogeneous combustion. Equation 74 
shows the definition of Damköhler number (Da). 
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Where k is turbulent kinetic energy, ε is turbulent dissipation rate, ρ is density, Yi is mass 
fraction of species i and iw is chemical reaction rate of species i. Here, τflow is called to integral 
time scale of mixing. Da is greater than 1 in the flaming combustion because the reaction time is 
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faster than the flow mixing time. However, Da < 1 means that the chemical reaction is slower 
(time longer) than flow mixing scales caused by random turbulent flow motion. Therefore, the 
shape of the reaction zone is not a flame or thin reaction zone anymore. Chemical reactions 
distribute simultaneously over a large region of the combustor which is called the volumetric 
reaction. Here, one characteristics of homogeneous combustion classified as volumetric reaction 
requires a Damköhler number (Da) below 1, which is seen for the whole region of combustor in 
flameless combustion in figure 4.20. 
      
Figure 4.20 The contour of Damköhler number (Da) in flameless combustion at run 9 
(XO2=0.21, dO2=15.9mm, Φ=1) 
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4.3.3 The domain of homogeneous combustion 
The limited domain of homogeneous combustion is shown with an equivalence ratio and 
air/fuel diameter ratio as parameters and also with equivalence ratio and air/fuel velocity ratio. 
These are based on the characteristics of homogeneous combustion from the numerical 
calculations and shown in figure 4.21. Usually, homogeneous combustion is not found at higher 
oxygen concentration (XO2 =0.30 and 0.40) or without gravity or at rich condition (Φ>1.1). Each 
reaction zone is defined at the condition of XO2=0.21 and S=280mm in figure 4.21. ‘A’ is a 
flaming combustion, ‘B’ is an unstable combustion while ‘C’ is a flameless combustion or 
homogeneous combustion. The highest limit value of domain in homogeneous combustion is at 
Φ=1.1. The lowest domain is dependent on air/fuel diameter ratio, air/fuel velocity ratio or 
air/fuel momentum ratio. The lowest domain Φ value of homogeneous combustion is decreased 
as the air/fuel diameter ratio decreased. The domain of homogeneous combustion gets wider as 
the air/fuel diameter ratio is decreased. This means that air diameter gets smaller and air velocity 
gets higher. Higher air velocity induces more back flow or higher recirculation zone against fuel 
flow. The stagnation location along the fuel axis moves upward as air velocity increases. 
Therefore, the mixing among fuel, air and exhaust gas occurs earlier by the stagnation location. 
Upper stagnation location has significant effects on enhancing mixing. Mixing will get faster as 
air velocity increases. As a result, distributed reaction is easily caused by the fast mixing among 
flows inside the combustor (Da<1). Also, the range of domain of homogeneous combustion as a 
function of air/fuel velocity ratio is wider as the equivalence ratio goes up to Φ=0.8. However, in 
Φ=0.7, the domain range of homogeneous combustion decreases due to the lean flammability 
limit. This means that a slightly higher air/fuel velocity ratio is needed in order to make stable 
and sufficient mixing by stagnation location or recirculation zone at below Φ=0.7. As a result, 
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XO2=0.21 and smaller air diameter or higher air velocity at fixed fuel diameter and velocity is 
able to make homogeneous combustion in figure 4.21. 
  
(a) Φ vs dair/dfuel 
  
(b) Uair/Ufuel vs Φ 
Figure 4.21 The domain of homogeneous combustion as function of Φ and dair/dfuel as well 
as Uair/Ufuel and Φ at XO2=0.21 and S=280mm 
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Each reaction zone is defined at the condition of XO2=0.21 and S=280mm in figure 4.21. ‘A’ is a 
flaming combustion, ‘B’ is an unstable combustion while ‘C’ is a flameless combustion or 
homogeneous combustion. The domain of homogeneous combustion (C) will be smaller for the 
other separation distances (S=140 mm and S=350 mm) due to lower mixing rates or dilution by 
different flow characteristics such as shape and location of stagnation and recirculation zone. To 
predict or define operating maps of homogeneous combustion well, experimental approach or 
detailed numerical approaches such as DNS with detailed chemical model is needed. Current few 
groups [62][63] are studying the homogeneous combustion by using DNS or a flamelet approach. 
However, the scale of the domain is very small and so it is impossible to estimate if the 
homogeneous combustion can be an average over a larger domain of small scale flamelets. 
Although this working domain of homogeneous combustion may not be estimated well to 
experimental working map of homogeneous combustion due to the limitation of numerical model 
in FLUENT, these results is valuable enough to show the trend of operating map of 
homogeneous combustion as function of the parameters such as separation distance, air and fuel 
velocity ratio, air and fuel diameter ratio and equivalence ratio. 
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4.3.4 The radiation effect on homogeneous combustion 
To check the radiation effects on transition to homogeneous combustion, the soot 
radiation is considered by using two step model in FLUENT [43]. The two-step Tesner model 
estimate the generation of radical nuclei and then calculates the formation of soot on these nuclei. 
The effectiveness of soot radiation is investigated in this dissertation as it may be a possible way 
of transferring more heat directly to the bottom plate instead of indirectly from the top wall to the 
bottom plate. Usually the higher oxygen concentration is found to lead to flaming combustion. 
XO2=0.30, dO2=15.9mm and Φ=1(run 17) is selected in order to investigate the transition from 
flame combustion to flameless combustion. To check the effect of soot radiation, soot is 
introduced artificially by adding it through the fuel jet. 1% and 5% amount of soot of the mass 
flow rate of fuel are chosen, to investigate the possibility of homogeneous combustion (Φ≤1.1) 
in this dissertation. To cause an increase in radiation heat loss soot is added since the gas 
radiation from the products (water and carbon dioxide) is higher than for air but still insignificant 
compared to the total heat transfer. Figure 4.22 and 4.23 show the soot radiation effect through 
considering the heat of reaction and temperature distribution. Figure 4.22 shows that reaction 
zone moves from some downstream location between fuel and air to a location closer to the top. 
The soot addition spreads the reaction zone over a larger volume and the temperature also 
becomes more uniform. The upper reaction zone has significant effects on diluting and 
preheating of fuel and air by the hot combustion products. The transition from flame combustion 
to flameless combustion is facilitated. From figure 4.23, temperature distribution is more 
distributed uniformly and the highest temperature peak disappears as more soot is added into the 
fuel jet. Uniform temperature distribution is also another indication of homogeneous combustion. 
The Damköhler number ( aD ), equation 74, is defined based on the large scale mixing time and 
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the chemical reaction time. For highly turbulent flows it can be done with the small scale mixing 
time (recall the EDC model) instead and shown in figure 4.24 where 
ka
D ,  is Kolmogorov 
Damköhler number to define whether the reaction is fast or slow relative to the mixing rate. 
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D ,  
can explain the reaction at the finest scale by turbulent mixing & define as follows; 
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Here ν is kinematic viscosity, ε is turbulent dissipation rate, ρ is density, Yi is mass fraction of 
species i and iw is chemical reaction rate of species i.  
           
Figure 4.22 The normalized heat of reaction of YZ ((a) run17, (b) run27 and (c) run28) 
 at XO2=0.30, dO2=15.9mm, Φ=1 (HR,max=0.469kW) 
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Figure 4.23 The temperature contour of YZ ((a) run17, (b) run27 and (c) run28) 
at XO2=0.30, dO2=15.9mm, Φ=1 
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Figure 4.24 The regime diagram for non-premixed turbulent combustion
[64]
 
Usually, the volumetric reaction or distributed reaction has the lower Damköhler number 
(Damköhler number: Da<1) in figure 4.24. The Kolmogorove Damköhler number is less than 1 
in all cases. These three cases have slow reaction regimes. To define zones between broken 
reaction zones and distributed reaction zones, the Damköhler number is plotted in figure 4.25. 
The maximum Damköhler number (Da,max) from Fig 4.25 changes from 2.7 to 1.2 and 0.4 as 
more soot is added. Thus, the reaction zone moves from the Broken reaction region to the 
Distributed reaction region in region in figure 4.24. Also, other characteristics of homogeneous 
combustion like the existence of stagnation location, a uniform dilution ratio and a uniform CH4 
reaction rate are all checked and found to be satisfied confirming the proper conditions for 
homogeneous combustion. These results show that the flaming combustion is transformed into 
flameless combustion through adding soot into the fuel jet. It is therefore possible to use soot (or 
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other particles) to enhance the radiation and thus increase the operating range that makes 
homogeneous combustion possible. 
           
Figure 4.25 The Damköhler number contour of YZ ((a) run17, (b) run27 and (c) run28) at 
XO2=0.30, dO2=15.9mm, Φ=1 
Also, temperature of upper and side wall combustor are checked by using area averaging 
in table 4.2. Side wall is defined in side surface area of combustor except side surface area below 
location of exhaust ports. Wall temperature does not change significantly. The ratio of 
temperature difference is only 0.3%. Therefore, soot radiation does not have a significant effect 
on heat transfer to the wall. 
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Run 
Wall temperature (K) 
Upper Side 
17 1341.3 1300.6 
27 1338.8 1297.7 
28 1336.7 1294.3 
Table 4.2 Wall temperatures in the furnace 
*Run 17(dair=15.9mm,Φ=1, XO2=0.30), Run 27(dair=15.9mm,Φ=1, XO2=0.30, 0.01mf),  
Run 28(dair=15.9mm,Φ=1, XO2=0.30, 0.05mf) 
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4.3.5. Heat balance in the furnace 
The heat balance in the furnace is considered numerically and experimentally. The heat 
generated inside the combustor is transferred to cold bottom plate, the combustor walls, products 
and out of the combustor through the exhaust openings. The heat transfer rates absorbed into the 
cold bottom plate of combustor (main heat transfer rate in the furnace) are calculated numerically 
and experimentally in table 4.3 for various working conditions by using the heat transfer ratio in 
equation 76. 
Heat transfer ratio=
in
cold
Q
Q


                                                                                                             (76) 
Where 
coldQ
  is the heat absorbed into cold bottom plate and 
inQ
  is the mean heating value of 
combustion of fuel (63.8kW). 
Run 
Heat transfer ratio 
Experimental 
 result 
Numerical 
calculation 
9 0.47 0.48 
17 0.47 0.49 
18 0.48 0.5 
Table 4.3 Heat transfer ratio into cold bottom plate in the furnace 
*Run 9(dair=15.9mm,Φ=1, XO2=0.21), Run 17(dair=15.9mm,Φ=1, XO2=0.30),  
Run 18(dair=15.9mm,Φ=1, XO2=0.40) 
From table 4.3, higher oxygen concentration induced relative higher heat transfer into cold 
bottom plate. However, approximately 48% of heat input (same amount) in all of cases including 
in the soot radiation (approximately 49%) is absorbed by the cold bottom plate. Therefore, soot 
radiation only has significant effect of facilitating near homogeneous combustion to be possible.  
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4.3.6. Conclusion 
Numerical studies of homogeneous combustion were performed on the flow and the 
reacting characteristics such as main reaction zone, temperature distribution, stagnation location, 
the degree of dilution, CH4 reaction rate and Damköhler number (Da) as function of air nozzle 
diameter (dair), fuel nozzle diameter (df), equivalence ratio (Φ), oxygen concentration, gravity, 
different bottom temperature and separation distance as well as soot radiation. 
First, the main reaction zone occurs in the upper volume of the furnace when we have 
homogeneous combustion. A more uniform reaction is found in the volume at significant lower 
reactions rates (2 orders of magnitude) when homogeneous combustion happens. A conventional 
diffusion flame with a more local reaction between air and fuel happens due to less preheating 
and mixing of air and fuel before the reaction zone. In homogeneous combustion, the upper main 
reaction zone is created from the larger recirculating zones that promote mixing of air and fuel 
and brings it towards the combustion products to preheat and dilute the mixture before 
combustion takes place. As a result, the large scale motion of the air and fuel jets are considered 
key components of the flow that determine mixing/dilution and heating to make flameless 
combustion possible. 
Second, the uniform temperature distribution is found in homogeneous combustion 
through comparing it to the case of flame. In flameless combustion, the increment of temperature 
along the fuel and air axis is very small and very uniform at 45% of the whole axial location. In 
the 3D figure of the temperature, the uniform distribution of temperature is verified. 
Third, the homogeneous combustion usually has a stagnation location that indicates a 
strong recirculating air zone which enhances mixing and dilution between reactants and product 
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gases. Fast mixing of fuel and air, high dilution with hot products are two of the necessary 
characteristics of the flow to obtain homogeneous combustion. The mixing ensures uniformity 
and the high dilution leads to a low reaction rate but high enough temperature so the mixture can 
burn. As the stagnation location varies with different conditions it generally is because the size 
and or strength of the recirculating zones changes altering the very complex 3D-flow inside the 
combustor. Therefore, the stagnation location is analyzed as the function of air & fuel velocity 
ratio, different fuel diameter and separation distances. Usually, the location of stagnation moves 
up at the higher air and fuel velocity ratio due to the stronger air recirculation leading to higher 
back flow. This back flow enhances the mixing of air and fuel and brings that mixture towards 
the top of the furnace where it is diluted by the hot products and heated so T ≥ Tauto ignition. The 
change of fuel diameter does not have any significant effect on the stagnation location nor the 
main flow characteristics. However, stagnation locations as well as flow characteristics of 
homogeneous combustion such as shape and location of recirculation zone, based on the 
streamline, are changed significantly by the separation distance. In current combustor, the 
location of the stagnation point is smallest at S=280mm. This indicates a stronger air 
recirculation so the mixing is much faster at S=280 mm than any other separation distance 
(S=140 and 350mm). 
Fourth, in homogenous combustion, air and fuel are diluted uniformly by exhaust gas 
which is described by a dilution ratio defined by CO, CO2, H2O, NO air and CH4 inside the 
combustor. The real dilution cannot be calculated as the local products cannot be distinguished 
from the extra products mixed in, so this ratio is being used as a substitute. The dilution ratio 
confirms that the upper volume of the furnace has some products together with some fuel and 
oxygen, i.e. Kv is small. This is very different from the flaming combustion situation that show 
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high Kv values in the upper section (due to the absence of fuel and oxygen) and low values in 
other locations. The strong variation over the volume is a clear indication of a flaming 
combustion. 
Fifth, the main reaction of CH4 is located in the upper part of the furnace. This is the 
result of the strong recirculation of both air and fuel bringing the mixture close to the combustion 
zone where it can be preheated and diluted. At the same time the high rate of mixing spreads the 
gases around most of the domain resulting in a near homogeneous combustion. Accordingly, the 
reaction rate of CH4 is distributed uniformly in a very large volume (and thus also low rate) 
showing near homogeneous combustion. This is in contrast to the flame combustion which has 
non-uniformity of the CH4 reaction rate because CH4 is mostly destroyed at a small flame zone 
between air and fuel like a diffusion flame with very high local value of the reaction rate. 
Sixth, homogeneous combustion has to have fast mixing in order to make uniformly 
volumetric reaction. Therefore, the Damköhler number must be less than 1, based on the 
definition of the Damköhler number. In homogeneous combustion, the Damköhler number is 
found at values significantly below 1. This means that mixing is faster than the reaction, and the 
uniform volumetric reaction is possible. The Damköhler number is a necessary indicator to 
verify the homogenous combustion. 
Seventh, the operating domain of homogeneous combustion is verified as function of 
equivalence ratio and air/fuel diameter ratio as well as equivalence ratio and air/fuel velocity 
ratio through considering the flow and reacting characteristics of the combustion domain. 
Usually, homogeneous combustion is not found at higher oxygen concentration (XO2 =0.30 and 
0.40), without the gravity as well as rich condition (Φ>1.1). Φ=1.1 is highest limit value of 
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operation domain of homogeneous combustion. Air/fuel diameter ratio, air/fuel velocity ratio or 
air/fuel momentum ratio has the important effects on lowest operating domain value. Operation 
domain of homogeneous combustion is increased at low air/fuel diameter ratio, smaller air 
diameter or higher air velocity due to fast mixing or dilution by the stagnation location and 
higher recirculation zone. As a result, to facilitate near homogeneous combustion in the current 
furnace the following controllable conditions were found. 
 Find optimal separation distance (S=280 mm is close to optimal). 
 XO2=0.21 (No higher oxygen concentration with the current range of flow 
rates). 
 Higher velocity or smaller air diameter at fixed mass flow rate. 
 Φ ≤ 1.1. 
Finally, the effect of soot radiation is investigated through checking the heat of reaction, 
temperature distribution and the Damköhler number. The reaction zone moves towards the upper 
location as the amount of soot injected into the fuel jet increases. Temperature is distributed 
uniformly due to soot radiation emission/absorption by adding soot into the fuel jet. Finally, the 
Damköhler number is found to be below 1, verifying the proper condition for a volumetric 
reaction. As a result, the reaction mechanism is transferred from flame combustion to flameless 
combustion, based on heat reaction zone, temperature distribution, Damköhler number as well as 
other characteristics such as the existence of stagnation location, uniform dilution ratio and 
uniform CH4 reaction rate. Also, soot radiation does not have any significant effect on energy 
balance. The significant effect of soot radiation is to extend the range of flameless combustion 
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with respect to other furnace conditions such as oxygen concentration, temperature, equivalence 
ratio etc. 
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CHAPTER 5 
Future work 
The main purpose of this dissertation is to computationally develop a fundamental 
understanding of flow and mixing characteristics of non-reacting and reacting confined turbulent 
jet flows for homogeneous combustion (RHC) and finds the operating ranges for RHC furnaces 
within some of the controllable parameters. We have first conducted numerical and experimental 
investigations of non-reactive confined turbulent jets injected into co- or counter-flowing streams 
by measuring and calculating the velocity, temperature, and tracer gas (NO) concentration 
profiles. The numerical study of reacting gas in the furnace is accomplished as function of air 
nozzle diameter (dair), fuel nozzle diameter (df), equivalence ratio (Φ), oxygen concentration, 
gravity, different bottom temperature and separation distance as well as soot radiation, based on 
all of my previous and current results of flow and mixing characteristics of a confined turbulent 
jets flowing into co- and counter-flow as well as numerical calculations of non-reacting gas in 
the furnace. Therefore, the experimental approach will be needed for the validation of these 
numerical approaches of reacting gases. Also, detailed numerical approaches will be needed for 
better predictions. 
1. The location of the main reaction zone could be verified with respect to its location in 
the combustor, based on the previous temperature measurement data and some 
residue of flame on the upper wall of combustor rather than enthalpy of reaction. 
Also, the reaction rate of CH4 is found numerically to be distributed uniformly for the 
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higher flow velocities leading to homogeneous combustion. Therefore, the chemical 
reaction zone should be measured experimentally in order to check the location and 
uniformity of the reaction zone. It may need optical methods to measure the location 
and type of chemical reactions happening. Also, numerical results of temperature 
distribution show the uniformity in the homogeneous combustion inside the 
combustor. However, temperature must be measured at different planes to show and 
verify the uniformity of temperature map experimentally. 
2. The stagnation location is found along fuel axis at homogeneous combustion. The 
stagnation location and the recirculation zones are very important characteristic to 
make faster mixing and more uniform as well as dilution and preheating of air and 
fuel (key essential to make homogeneous combustion). To show this stagnation 
location and recirculation zones experimentally, the velocity could be measured with 
either PIV or LDV.  
3. For the numerical approaches, nozzle diameter (dair), fuel nozzle diameter (df), 
equivalence ratio (Φ), oxygen concentration, different bottom temperature and 
separation distance as well as soot radiation are considered. These numerical results 
give us enough information about homogeneous combustion before starting 
experimental approach. Experimental approaches will be needed in order to verify 
and enlarge the operating domain of homogeneous combustion, guided by these 
numerical results.  
4. Some important characteristics of homogeneous combustion are found by numerical 
investigation in this dissertation. These results are shown reasonably when 
considering averaging and macroscopic characteristics of homogeneous combustion. 
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However, the simple chemistry model and steady solver are used due to limited time 
and current computational capacity. Therefore, a more detailed numerical approach 
can be done by using more detailed chemistry mechanism model, different reaction 
model and turbulence model (for example, DNS), such computations will be pushing 
beyond current capabilities.  
5. Soot radiation has some effects on making the homogeneous combustion possible as 
shown in this dissertation where they otherwise would not be possible. A more 
detailed investigation of soot radiation can be used for further refinements. For the 
experimental work, the fuel and air supply lines must be modified in order to add soot 
respectively. Also, size of soot particle is also another main parameter for such a 
study that was not part of the current work. To check the effect of size of soot 
particle, a soot model (to estimate soot movement, aggregation and destruction) must 
be developed and applied in this unique combustor based on previous works. 
6. Current combustor has a back flow problem at exhaust ports due to the buoyancy. In 
this thesis, the effect of back flow through the exhaust ports does not have any 
significant effects on upper reaction zones where we are interested in but some effects 
on the bottom region of the furnace. This effect of the back flow causes a temperature 
change in the surface temperatures and thus influences the study of wall radiation. For 
further investigations of homogeneous combustion, this issue must be solved by 
changing the array/size of exhaust ports and the exhaust flow configuration. 
 
 
226 
APPENDIX A 
Verification of two step reaction model in CHEMKIN 
The two step reaction model is used for numerical calculation of homogeneous 
combustion in this dissertation. This model had been already verified by previous researchers. 
Many researchers use this model of their numerical calculation to reduce numerical calculation 
time. I verify the two step reaction model through comparing the calculation results with whole 
chemistry in CHEMKIN before I use numerical reaction calculation in my dissertation.  Well 
stirred reactor (WSR) model such as very similar condition to homogeneous combustion (fast 
mixing) is used. Residence time (Tr) is selected 60s to make the complete reaction. Temperature 
inside the combustor (Tcombustor) and inlet temperature (Tinlet) is 1200K and 298.15K in order to 
set up the similar condition respectively. Inlet pressure (Pinlet) is 1atm. Φ is selected, based on the 
working range of homogeneous combustion. 
 
(a) Temperature 
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(b) Mole fraction of H2O 
 
(c) Mole fraction of CO2 
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(d) Mole fraction of CO 
Figure A.1 Comparison of temperature, XH2O, XCO2 and XCO between two step reaction 
model and whole chemistry model in CHEMKIN 
Temperature, H2O and CO2 are well matched between the two step reaction model and whole 
chemistry model in CHEMKIN because the final products such as H2O and CO2 are well 
estimated by the total reaction mechanism. However, the deviation between the results of two 
reaction model and results of the whole chemistry reaction model is increased as equivalence 
ratio (Φ) increases because the two step reaction model is not well estimated to rich condition. 
To express the rich condition well, intermediate reaction mechanisms are needed to produce final 
products such as H2O and CO2. Also, there is a slight difference in the calculated result of mole 
fraction of CO because CO is intermediate species (not final product). CO needs detailed 
reaction mechanism. However, mostly, the difference between the results of the two step reaction 
model and results of whole chemistry model in CHEMKIN is negligible at the range of 0.7 
≤Φ≤1.1 which is the operating range of homogeneous combustion. Therefore, the two step 
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reaction model is verified in spite of the simple reaction mechanism for this study. Mechanism 
file of the two step reaction model is attached as below. 
! two-step  CHEMKIN-II format 
ELEMENTS 
C H O N 
END 
SPECIES 
CH4 O2 CO H2O CO2 N2 
END 
REACTIONS KCAL/MOLE 
CH4+1.5O2=CO+2H2O 2.8E+9 0.00 48.4 
FORD /CH4 -0.3/ 
FORD /O2 1.3/ 
CO+0.5O2<=>CO2 10.00E+14 0.00 40 
FORD /H2O 0.5/ 
FORD /O2 0.25/ 
REV /5E+8 0.000 40/ 
END 
Figure A.2 Mechanism file of the two step reaction model for CHEMKIN 
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APPENDIX B 
Develop OPPF model in CHEMKIN for homogeneous combustion 
The study of one-dimensional characteristics of homogeneous combustion is investigated 
by using CHEMKIN. Figure B.1 shows the schematic of fuel and air jet configuration. The 
separation (S) distance between air and fuel jet is 280mm. The spray angle of turbulent air and 
fuel jet is considered to be 11.8°. The axial location of collision between fuel and air jet flow is 
ZO (Virtual origin) + 67cm. In turbulent flow, ZO is negligible. Therefore, fuel and air jet flow 
will collide at Z=67cm. Then, flows are mixed and reacted finally. The reaction zone is 
expressed in red square symbol.  
 
Figure B.1 The schematic of fuel and air jet configuration 
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Therefore, to simulate this reaction condition, OPPF model is selected. When the burner works 
in homogeneous combustion conditions, the fluid dynamic regime of the system can be roughly 
approximated as an isothermal nonreactive confined turbulent jet where a recycle of the burned 
gases takes place, increasing the dilution of jet by exhaust gas. Mild operative parameters map is 
shown as a function of recirculation rates (Kv) of exhaust gases in figure 3. Recirculation rates 
(Kv) of exhaust gases is defined as below. 
fa
e
v
mm
m
K



                                                                                                                             (A-1) 
Where, 
em , am  and fm are mass flow rate of exhaust gas, air and fuel respectively. From figure 
3, homogeneous combustion requires recirculation rates (Kv) of exhaust gases larger than about 4 
for methane and combustion chamber temperature higher than 800~850°C. To check dilution 
effect of combustion, the value of Kv (the recirculation rate) is selected to 4. 
 
Figure B.2 The conceptual modeling of diluted combustion 
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Figure B.3 The conceptual modeling of diluted combustion 
In figure B.3, this case (uniform temperature profile at Kv=4) is considered as homogeneous 
combustion through checking the extinction limit curve (based on strain rate as function of fuel 
concentration and temperature) as well as concentration of CH, CO and H at reaction location. 
Also NO concentration does not have high jump in the reaction zone or the flame zone. The OH 
concentration is decreased before colliding between air mixture and fuel mixture. 
 
 
 
 
 
 
Air Fuel 
Fuel concentration 4.6% 
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APPENDIX C 
The investigation of the possibility of simple geometry for the study of homogeneous 
combustion 
The possibility of simple geometry is investigated for the study of homogeneous combustion. 
Figure C.1 shows the schematic of simple geometry (2−D axisymmetric plane). The simple 
geometry has following conditions; 1. Exact same fuel diameter to fuel diameter in whole 
geometry, 2. Exact same air mass flow rate to air mass flow rate in whole geometry, 3. Exact 
same area, location of exhaust port to the area and location of exhaust port in whole geometry 
and 4. Exact same shape and volume of combustor to the volume and shape of combustor in 
whole geometry. Only difference of area distribution of air and exhaust outlet 
(Widthoutlet=0.0583m) in simple geometry is found against the whole geometry which is used for 
homogeneous combustion calculation in this dissertation. To investigate the possibility of simple 
geometry for the study of homogeneous combustion, XO2=0.21, dair=15.9mm, Φ=1 (run9) is used.  
 
Figure C.1 The schematic of simple geometry 
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Figure C.2 The normalized heat of reaction 
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Figure C.3 The temperature (K) distribution 
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Figure C.4 The mixture fraction (f) distribution 
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Figure C.5 The normalized distribution of 
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Figure C.6 The contour of Damköhler number (Da) 
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Figure C.7 The streamline 
The condition of XO2=0.21, dair=15.9mm, Φ=1 (run9) is found at homogeneous combustion in 
the whole geometry. Same numerical condition applied into simple geometry which is almost 
similar geometry except area distribution of air and exhaust outlet. Although stagnation location 
is found along the fuel axis at both cases (This means that mixing time is enhanced), the 
characteristics of homogeneous combustion in this dissertation such as distributed heat reaction 
zone, uniform temperature distribution, distributed mixture fraction, uniform and distributed CH4 
reaction rate and low Damköhler number (Da), Da<1 is not found. Whole geometry is found to 
homogeneous combustion in spite of no adding external exhaust gas due to enough internal 
exhaust gas recirculation ratios by complex shape of exhaust port. However, in simple geometry, 
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there is no hindrance. That is, exhaust gas is going outside easily through exhaust port. There is 
very less internal exhaust gas recirculation in spite of bigger recirculation zone. In my 
dissertation, dilution and preheating are considered as very important parameters in order to 
make homogeneous combustion. Therefore, dilution is not enough to make homogeneous 
combustion even though mixing is enhanced by the recirculation zone. Internal Kv is estimated to 
Kv >>8 of whole geometry through comparing Da number and Reynolds number of simple 
geometry in APPENDIX D. This Kv (Kv>>8 of whole geometry) is enough number to make 
flameless combustion on the basis of operating maps (Tcombustor and Kv) defined by Wünning 
[26]. 
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APPENDIX D 
The study of dilution ratio (Kv) in modified simple geometry 
In APPENDIX C, simple geometry which is made on the basis of whole geometry is not 
able to make homogeneous combustion due to less preheating and dilution by exhaust gas. 
Therefore, simple geometry needs to be modified in order to make homogeneous combustion 
through enough dilution by exhaust gas. For this approach, inlet is added to upper location of 
combustor. Inlet width (Widthintlet=0.0583m) is selected by considering exactly same width of 
outlet and XO2=0.21, dair=15.9mm, Φ=1 (run9). This inlet flow results in fast mixing through 
colliding air and fuel in order to make homogeneous combustion. 
 
Figure D.1 The schematic of modified simple geometry 
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Figure D.2 The normalized heat of reaction 
max,R
R
H
H
Kv=0 
 
Yz 
Kv=1 
 
Yz 
Kv=4 
 
Yz 
Kv=8 
 
Yz 
Fuel Fuel Fuel Fuel Air Air Air Air 
E
x
h
a
u
st 
In
let 
243 
             
Figure D.3 The temperature (K) distribution 
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Figure D.4 The mixture fraction (f) distribution 
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Figure D.5 The normalized distribution of 
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Figure D.6 The contour of Damköhler number (Da) 
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Figure D.7 The streamline 
At Kv=1, exhaust gas through inlet collide with air and then, mixture of air and exhaust gas 
mixed with fuel. This unstable flow motion causes the two more recirculation zone at 
downstream. These recirculation zones also hinder to make stable combustion. Reaction zone is 
still shown as unstable diffusion flame at Kv=1. At higher Kv=4 and 8, air and fuel flow is 
blocked by higher exhaust gas flow momentum. Air and fuel recirculate at upper location. 
Therefore, air, fuel and exhaust gas are mixed near exhaust inlet by two recirculation zone. As a 
result, reaction zone moves near exhaust inlet. Reaction zone is distributed by exhaust gas flow 
motion. The characteristics of homogeneous combustion are checked in order to verify the effect 
of exhaust gas ratio. Distributed heat reaction zone, uniform temperature distribution, distributed 
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mixture fraction, uniform and distributed CH4 reaction rate and Da<<1 are found. From these 
conclusion, Kv>4 has significant possibility to make homogeneous combustion in this section as 
well as previous studies. Also, Internal Kv is considered as greater 8 in whole geometry through 
comparing Da number and Reynolds number of simple geometry. This ratio of exhaust of gas 
(Kv>>8 of whole geometry) is enough value to produce homogeneous combustion. Adding 
exhaust gas through inlet in simple geometry has significant effects on reaction zone. To use 
simple geometry of the study of homogeneous combustion, the study of optimal design of simple 
geometry is needed for further approach. 
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APPENDIX E 
The study of activation energy in reaction rate 
The reaction rate of CH4 is more uniform than that of CO in this dissertation. Usually, 
CO reaction rate is not uniform due to relatively fast reaction against CH4 reaction rate.  
      
Figure E.1 The normalized contour of 
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The main reason is caused by the slow reaction of CH4. To verify this assumption, CO reaction 
rate is decreased artificially by changing activation energy (Ea,CO) from 1.7e
08
 to 1.7e
06
 at 
XO2=0.21, dair=15.9mm, Φ=1 (run9). Figure E.1 shows the normalized contour of CO reaction 
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rate at YZ and XZ planes. After making a slow reaction of CO through changing the activation 
energy (Ea,CO), CO reaction rate obtains a uniform distribution. The following conclusion is 
found, “To make uniform distribution of any species reaction rate, the reaction time of any 
species must be slower”. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
251 
APPENDIX F 
The study of wall emissivity 
Wall radiation is considered through changing wall emissivity (εw) from 0.9 to 0.5. After 
reducing wall emissivity, reaction zone is changed on the basis of heat of reaction as well as a 
characteristic of temperature distribution is changed in figure F.1 and F.2. Although wall 
emissivity is decreased (wall radiation loss is decreased), reaction zone has very similar 
characteristics of homogeneous combustion, based on profile of heat of reaction and temperature.  
            
Figure F.1 The normalized contour of heat of reaction at different wall emissivity (εw) in YZ 
and XZ plane (run17) 
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Figure F.2 The normalized contour of temperature at different wall emissivity (ε) in YZ and 
XZ plane (run17) 
After changing wall emissivity of wall to 0.5, wall temperature at combustor increases 80K.  Hot 
wall temperature is increased by the buoyancy effect. Finally, flow motion by buoyancy effect 
causes more air infiltration from exhaust port to inside combustor. Actually, air infiltration is 
increased up to 5.2%. Air infiltration makes the heat of reaction and temperature lower on 
considering energy balance. 
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APPENDIX G 
The study of effect of half exhausts port 
Air infiltration is found at wall radiation calculation. The effect of air infiltration on the 
result of homogeneous combustion is checked in this section. The total flow is coming into the 
combustor surrounded by exhaust duct. This exhaust duct is connected to the combustor by six 
exhaust ports.  Six exhaust ports are distributed non-symmetrically to the location of fuel and air 
diameter distribution. Accordingly, to reduce air infiltration, exhaust duct diameter is reduced to 
d/2 in figure G.1-(a). Therefore, total flow is reduced to ½ half exhaust duct diameter (1/2d). The 
change of temperature at each port area is smaller at smaller exhaust duct area due to smaller 
inflow from ambient. Air infiltration is calculated at each exhaust port and temperature at each 
exhaust port is calculated in table G.1.  
      
                                       (a) 3D                                                   (b) XY plane 
Figure G.1 The schematic of shape of exhaust duct and distribution of exhaust ports 
‘+’ sign means inflow into combustor and ‘−’ sign mean outflow from combustor in table G.1. 
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(a) Air infiltration 
 
(b) Temperature 
Table G.1 Air infiltration and temperature at each exhaust port 
Usually, flow is coming into the combustor through exhaust port 2 and 3. Flow is going out from 
exhaust port 1, 4, 5 and 6. The flow rate into combustor is reduced to almost 50% at half exhaust 
duct diameter. Total flow is coming into combustor with original duct at six exhaust ports but is 
going out from combustor with half exhaust duct at six exhaust ports. Therefore, flow is coming 
into the combustor with original exhaust duct more. Also, temperature is checked at six exhaust 
ports. The temperature is more constant at half exhaust duct than at original duct due to reduction 
of air flow coming into the exhaust duct. Moreover, this temperature is not cold such as ambient 
temperature in the location of exhaust port to combustor. Initially, flow is coming into exhaust 
duct. Inflow from ambient and hot flow from combustor is mixed inside exhaust duct. Some flow 
is coming into combustor. Then, others are going out ambient. Therefore, we estimated that there 
is complex flow motion inside the exhaust duct.  
In original exhaust port, temperature is decreased somewhat near bottom place due to 
more cold air infiltration on the basis of result of table G.1. However, the cold flow does not 
move upward due to the buoyancy effect. Mostly, heat transfer by convection occurs 
inefficiently near longitudinal locations of six exhaust ports. Therefore, in the zone of reaction at 
upper place of the combustor, there is no significantly different change of the temperature in the 
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reaction zone. Therefore, we conclude that this air infiltration has no significant effect on the 
reaction zone of current homogeneous combustion calculations in this dissertation.  
            
Figure G.2 The normalized contour of temperature at different exhaust duct in YZ and XZ 
plane (run17) 
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